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EXPOSURE APPARATUS, EXPOSURE
METHOD, AND DEVICE MANUFACTURING
METHOD MEASURING POSITION OF
SUBSTRATE STAGE BY SWITCHING
BETWEEN ENCODER AND
INTERFEROMETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a division of application Ser. No. 11/655,082 filed
Jan. 19, 2007 and claims the benefit of Provisional Applica-
tion No. 60/851,045 filed Oct. 12, 2006, the disclosure of
which is hereby incorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to movable body drive meth-
ods, movable body drive systems, pattern forming methods,
pattern forming units, exposure methods, exposure apparatus,
and device manufacturing methods, and more particularly to
a movable body drive method in which a movable body is
driven in at least a uniaxial direction, a movable body drive
system suitable for applying the method, a pattern formation
method that uses the movable body drive method, a pattern
forming apparatus that is equipped with the movable body
drive system, an exposure method that uses the movable body
drive method, an exposure apparatus that has the movable
body drive system, and a device manufacturing method that
uses the pattern forming method.

2. Description of the Background Art

Conventionally, in a lithography process for manufactur-
ing microdevices (electronic devices and the like) such as a
liquid crystal display element or the like, a reduction projec-
tion exposure apparatus by a step-and-repeat method (the
so-called stepper), a scanning projection exposure apparatus
by a step-and-scan method (the so-called scanning stepper
(also called a scanner)) and the like have been relatively
frequently used.

With these types of exposure apparatus, in order to transfer
a pattern of a reticle (or a mask) onto a plurality of shot areas
on a wafer, the wafer stage that holds the wafer is driven in a
XY two-dimensional direction by a linear motor or the like.
Especially in the case of a scanning stepper, not only the
wafer stage but also the reticle stage is driven in the scanning
direction with predetermined strokes by a linear motor or the
like. Position measurement of the reticle stage and the wafer
stage is normally performed using a laser interferometer,
which has good stability of measurement values over a long
period of time, and also has high resolution.

However, due to finer patterns that come with higher inte-
gration of semiconductor devices, position control of the
stages with higher precision is becoming required, and short-
term fluctuation of measurement values due to temperature
fluctuation of the atmosphere on the beam optical path of the
laser interferometer is now becoming a matter that cannot be
ignored.

Meanwhile, recently, as a type of a position measurement
unit, an encoder that has a measurement resolution of the
same level or higher than a laser interferometer has been
introduced (refer to, for example, U.S. Pat. No. 6,639,686).
However, since the encoder uses a scale (grating), various
error factors (drift of grating pitch, fixed position drift, ther-
mal expansion and the like) that occur in the scale due to the
passage of use time exist, which makes the encoder lack in
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mechanical long-term stability. Therefore, the encoder has a
drawback of lacking measurement value linearity and being
inferior in long-term stability when compared with the laser
interferometer.

SUMMARY OF THE INVENTION

The present invention has been made in consideration of
the circumstances described above, and according to the first
aspect of the present invention, there is provided a first mov-
able body drive method in which a movable body is driven in
at least a uniaxial direction, the method comprising: a first
process in which a calibration operation is performed where
positional information of the movable body in the uniaxial
direction is measured using a first measurement unit and a
second measurement unit whose measurement values excel in
short-term stability when compared with measurement val-
ues of the first measurement unit, and based on measurement
results of the first and second measurement units, correction
information for correcting measurement values of the second
measurement unit is decided; and a second process in which
the movable body is driven in the uniaxial direction based on
the measurement values of the second measurement unit and
the correction information.

According to this method, by the calibration method above,
correction information is decided for correcting the measure-
ment values of the second measurement unit whose short-
term stability of the measurement values excel when com-
pared with the measurement values of the first measurement
unit, using the measurement values of the first measurement
unit. Then, based on the measurement values of the second
measurement unit and the correction information, the mov-
able body is driven in the uniaxial direction. Accordingly, it
becomes possible to drive the movable body in the uniaxial
direction with good accuracy, based on the measurement
values of the second measurement unit that have been cor-
rected using the correction information, that is, the measure-
ment values of positional information of the movable body in
the uniaxial direction whose long-term stability is also favor-
able, in addition to the short-term stability.

According to the second aspect of the present invention,
there is provided a second movable body drive method in
which a movable body is driven within a two-dimensional
plane parallel to a first axis and a second axis orthogonal to
each other wherein positional information of the movable
body in a direction parallel to the first axis is measured, using
apair of first gratings that each include a grating periodically
disposed in a direction parallel to the first axis within a plane
parallel to the two-dimensional plane on the movable body
and is placed apart in a direction orthogonal to the longitudi-
nal direction of the grating within the plane and a first encoder
that has a head unit that intersects the longitudinal direction,
and positional information of the movable body in a direction
parallel to the second axis is measured, using a second grating
that includes a grating, which extends in a direction intersect-
ing the longitudinal direction of the first grating serving as a
longitudinal direction and is periodically disposed in a direc-
tion parallel to the second axis, and a second encoder that has
a head unit that intersects the longitudinal direction of the
second grating, whereby the movable body is driven based on
the positional information that has been measured.

According to this method, as long as the movable body
remains within a predetermined stroke range where a head
unit that the first encoder has faces at least one of the gratings
of the pair of the first gratings, and a head that the second
encoder has faces the second grating, then, at least one of the
first grating and the first encoder measure the positional infor-
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mation of the movable body in the direction parallel to the first
axis, and the second grating and the second encoder measure
the positional information of the movable body in the direc-
tion parallel to the second axis. Since the short-term stability
of the measurement values of the first and second encoders is
favorable, the positional information of the movable body
within the two-dimensional plane is measured with good
accuracy. Then, the movable body is driven, based on the
positional information of the movable body measured with
good accuracy. Accordingly, it becomes possible to drive the
movable body with good accuracy.

According to the third aspect of the present invention, there
is provided a third movable body drive method in which a
movable body is driven at least in a uniaxial direction, the
method comprising: a drive process in which based on mea-
surement values of an encoder that irradiates a detection light
on a grating placed on an upper surface of the movable body
with a predetermined direction serving as a period direction
and measures positional information of the movable body in
the predetermined direction based on its reflection light and
correction information of a pitch of the grating, the movable
body is driven in the predetermined direction.

According to this method, the movable body can be driven
with good accuracy without being affected by drift or the like
of the grating pitch.

According to the fourth aspect of the present invention,
there is provided a first pattern formation method in which a
pattern is formed on an object, wherein a movable body on
which the object is mounted is driven using one of the first and
third movable body drive method of the present invention so
that pattern formation with respect to the object can be per-
formed.

According to this method, by performing pattern formation
on the object mounted on the movable body driven with good
accuracy using one of the first and third movable body drive
method, it becomes possible to form the pattern on the object
with good accuracy.

According to the fifth aspect of the present invention, there
is provided a second pattern formation method in which a
pattern is formed on an object, wherein at least one of a
plurality of movable bodies including a movable body on
which the object is mounted is driven using one of the first and
third movable body drive method of the present invention so
that pattern formation with respect to the object can be per-
formed.

According to this method, for pattern formation with
respect to the object, at least one of a plurality of movable
bodies is driven with good accuracy by one of the first and
third movable body drive method, and a pattern is generated
on the object mounted on one of the movable bodies.

According to the sixth aspect of the present invention, there
is provided a device manufacturing method including a pat-
tern formation process wherein in the pattern formation pro-
cess, a pattern is formed on a substrate using one of the first
and second pattern formation method of the present inven-
tion.

According to the seventh aspect of the present invention,
there is provided a first exposure method in which a pattern is
formed on an object by irradiating an energy beam, wherein a
movable body on which the object is mounted is driven using
one of the first and third movable body drive method of the
present invention so that the energy beam and the object are
relatively moved.

According to this method, for the relative movement of the
energy beam irradiated on the object and the object, the mov-
able body on which the object is mounted is driven with good
accuracy using one of the first and third movable body drive
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method of the present invention. Accordingly, it becomes
possible to form a pattern on an object with good accuracy by
scanning exposure.

According to the eighth aspect of the present invention,
there is provided a first movable body drive system that drives
a movable body in at least a uniaxial direction, the system
comprising: a first measurement unit that measures positional
information of the movable body in the uniaxial direction; a
second measurement unit that measures positional informa-
tion of the movable body in the uniaxial direction whose
short-term stability of measurement values excels the first
measurement unit; a calibration unit that performs a calibra-
tion operation of deciding correction information so as to
correct measurement values of the second measurement unit
using the measurement values of the first measurement unit;
and a drive unit that drive the movable body in the uniaxial
direction based on the measurement values of the second
measurement unit and the correction information.

According to this system, the calibration unit performs the
calibration operation described above, and correction infor-
mation is decided for correcting the measurement values of
the second measurement unit whose short-term stability of
the measurement values excels when compared with the first
measurement unit, using the measurement values of the first
measurement unit. Then, based on the measurement values of
the second measurement unit and the correction information,
the movable body is driven in the uniaxial direction. Accord-
ingly, it becomes possible to drive the movable body in the
uniaxial direction with good accuracy, based on the measure-
ment values of the second measurement unit that have been
corrected using the correction information, that is, the mea-
surement values of positional information of the movable
body in the uniaxial direction whose long-term stability is
also favorable, in addition to the short-term stability.

According to the ninth aspect of the present invention,
there is provided a second movable body drive system that
drives a movable body within a two-dimensional plane par-
allel to a first axis and a second axis which are orthogonal, the
system comprising: a first grating placed on a plane parallel to
the two-dimensional plane on the movable body that also
includes a grating disposed periodically in a direction parallel
to the first axis; a pair of second gratings that extends in a
direction intersecting the direction serving as a longitudinal
direction on a plane parallel to the two-dimensional plane on
the movable body, and is also placed apart in a direction
orthogonal to the longitudinal direction, and also includes a
grating periodically disposed in a direction parallel to the
second axis; a first encoder that has a head unit intersecting
the longitudinal direction of the first grating, and measures
positional information of the movable body in the direction
parallel to the first axis along with the first grating; a second
encoder that has a head unit intersecting the longitudinal
direction of the pair of second gratings, and measures posi-
tional information of the movable body in the direction par-
allel to the second axis along with the pair of second gratings;
and a drive unit that drives the movable body based on posi-
tional information measured by the first and second encoders.

According to this method, as long as the movable body
remains within a predetermined stroke range where a head
unit that the first encoder has faces at least one of the gratings
of the pair of the first gratings, and a head that the second
encoder has faces the second grating, then, the first grating
and the first encoder measure the positional information of
the movable body in the direction parallel to the first axis, and
the second grating and the second encoder measures the posi-
tional information of the movable body in the direction par-
allel to the second axis. Since the short-term stability of the
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measurement values of the first and second encoders is favor-
able, the positional information of the movable body within
the two-dimensional plane is measured with good accuracy.
Then, the movable body is driven, based on the positional
information of the movable body measured with good accu-
racy. Accordingly, it becomes possible to drive the movable
body with good accuracy.

According to the tenth aspect of the present invention, there
is provided a third movable body drive system that drives a
movable body within a two-dimensional plane parallel to a
first axis and a second axis which are orthogonal, the system
comprising: a first grating that extends in a direction parallel
to the second axis with the direction serving as a longitudinal
direction on the movable body, and also has a grating peri-
odically disposed in a direction parallel to the first axis; a
second grating that extends in a direction parallel to the first
axis with the direction serving as a longitudinal direction on
the movable body, and also has a grating periodically dis-
posed in a direction parallel to the second axis; a first encoder
that has a head unit that intersects the direction parallel to the
second axis and measures positional information of the mov-
able body in the direction parallel to the first axis along with
the first grating; a second encoder that has a head unit that
intersects the direction parallel to the first axis and measures
positional information of the movable body in the direction
parallel to the second axis along with the second grating; and
a drive unit that drives the movable body based on the posi-
tional information measured by the first and second encoders,
wherein at least one of the first and second encoders has a
plurality of the head units placed apart in the longitudinal
direction.

According to this system, by the first grating and the first
encoder, and the second grating and the second encoder,
rotation (rotation around the axis orthogonal to the two-di-
mensional plane) in the two-dimensional plane is measured,
in addition to the positional information of the movable body
in the direction parallel to the first axis and the positional
information in the direction parallel to the second axis. Fur-
ther, since the short-term stability of the measurement values
of'the first and second encoders is favorable, positional infor-
mation (including rotational information) of the movable
body within the two-dimensional plane is measured with
good accuracy. The, based on the positional information of
the movable body measured with good accuracy, the drive
unit drives the movable body. Accordingly, it becomes pos-
sible to drive the movable body with good accuracy.

According to the eleventh aspect of the present invention,
there is provided a fourth movable body drive system that
drives a movable body in at least uniaxial direction, the sys-
tem comprising: an encoder that irradiates a detection light on
a grating placed in a predetermined direction, which serves as
a periodical direction, on an upper surface of the movable
body and measures positional information of the movable
body in the predetermined direction based on a reflection
light; and a drive unit that drives the movable body in the
predetermined direction based on measurement values of the
encoder and correction information of a pitch of the grating.

According to this system, the drive unit drives the movable
body in the predetermined direction, based on the measure-
ment values of the encoder and the correction information of
the pitch of grating. Accordingly, the movable body can be
driven with good accuracy without being affected by drift or
the like of the grating pitch.

According to the twelfth aspect of the present invention,
there is provided a first pattern forming apparatus that forms
a pattern on an object, the unit comprising: a patterning unit
that generates a pattern on the object; and any one of the first
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to fourth movable body drive system of the present invention,
wherein the movable body drive system drives the movable
body on which the object is mounted so as to perform pattern
formation with respect to the object.

According to this system, by generating a pattern with the
patterning unit on the object on the movable body driven with
good accuracy using any one of the first to fourth movable
body drive system of the present invention, it becomes pos-
sible to form a pattern on an object with good accuracy.

According to the thirteenth aspect of the present invention,
there is provided a second pattern forming apparatus that
forms a pattern on an object, the unit comprising: a patterning
unit that generates a pattern on the object; a plurality of
movable bodies including a movable body on which the
object is mounted; and any one of the first to fourth movable
body drive system of the present invention, wherein the mov-
able body drive system drives at least one of the plurality of
movable bodies so as to perform pattern formation with
respect to the object.

According to this system, for pattern formation with
respect to the object, at least one of a plurality of movable
bodies is driven with good accuracy by one of the first to
fourth movable body drive system, and the patterning unit
generates a pattern on the object mounted on one of the
movable bodies.

According to the fourteenth aspect of the present invention,
there is provided a first exposure apparatus that forms a pat-
tern on an object by irradiating an energy beam, the apparatus
comprising: a patterning unit that irradiates the energy beam
on the object; and any one of the first to fourth movable body
drive system of the present invention, wherein the movable
body on which the object is mounted is driven by the movable
body drive system so that the energy beam and the object are
relatively moved.

According to this apparatus, for relative movement of the
energy beam irradiated on the object from the patterning unit
and the object, the movable body on which the object is
mounted is driven with good accuracy using any one of the
first to fourth movable body drive system of the present inven-
tion. Accordingly, it becomes possible to form a pattern on an
object with good accuracy by scanning exposure.

According to the fifteenth aspect of the present invention,
there is provided a second exposure method in which an
exposure operation by a step-and-scan method that alter-
nately repeats scanning exposure of synchronously moving a
mask and an object in a predetermined scanning direction so
asto transfer a pattern formed on the mask onto a divided area
on the object and movement of the object to perform scanning
exposure on a following divided area is performed to sequen-
tially transfer the pattern onto a plurality of divided areas on
the object, wherein positional information of a mask stage
that holds the mask is measured with an encoder and move-
ment of the mask stage is controlled, based on measurement
values of the encoder and correction information of the mea-
surement values of the encoder decided from positional infor-
mation of the mask stage using the encoder and an interfer-
ometer at least during scanning exposure to each divided area,
and the correction information is calibrated, based on mea-
surement values of the interferometer and the encoder stored
during the exposure operation by the step-and-scan method.

According to this method, on exposure by the step-and-
scan method to the next object, the movement of the mask
stage during scanning exposure (at the time of pattern trans-
fer) of each divided area can be controlled with good accu-
racy, based on the measurement values of the encoder which
have been corrected using the correction information, that is,
measurement values ofthe positional information of the mask
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stage in the scanning direction having good linearity and
long-term stability, in addition to good short-term stability.
Accordingly, the pattern formed on the mask can be trans-
ferred onto the plurality of divided areas on the object by
scanning exposure with good precision.

According to the sixteenth aspect of the present invention,
there is provided a second exposure apparatus that performs
an exposure operation by a step-and-scan method which alter-
nately repeats scanning exposure of synchronously moving a
mask and an object in a predetermined scanning direction so
as to transfer a pattern formed on the mask onto a divided area
on the object and movement of the object to perform scanning
exposure on a following divided area, the apparatus compris-
ing: a mask stage movable in at least the scanning direction
holding the mask; an object stage movable in at least the
scanning direction holding the object; an interferometer and
an encoder that measure positional information of the mask
stage in the scanning direction; and a control unit that controls
movement of the mask stage, based on measurement values of
the encoder and correction information of the measurement
values of the encoder decided from positional information of
the mask stage using the encoder and an interferometer at
least during scanning exposure to each divided area, and
calibrates the correction information, based on measurement
values of the interferometer and the encoder stored during the
exposure operation by the step-and-scan method.

According to this apparatus, when the controller performs
the exposure operation by the step-and-scan method in which
apattern is sequentially transferred onto a plurality of divided
areas on an object, the controller controls the movement of the
mask stage based on the measurement values of the encoder
and the correction information of the measurement values of
the encoder decided from the positional information of the
mask stage by the encoder and the interferometer during the
scanning exposure of each divided area, and calibrates the
correction information based on the measurement values of
the interferometer and the encoder stored during the exposure
operation by the step-and-scan method. Accordingly, the
movement of the mask stage during scanning exposure (at the
time of pattern transfer) with respect to each divided area on
the object after calibration can be controlled with good pre-
cision, based on the measurement values of the encoder that
have been corrected using the calibrated correction informa-
tion, that is, measurement values of the positional information
of the mask stage in the scanning direction having good
linearity and long-term stability, in addition to good short-
term stability. Accordingly, the pattern formed on the mask
can be transferred with good accuracy onto the plurality of
divided areas on the object by the scanning exposure.

According to the seventeenth aspect of the present inven-
tion, there is provided a third exposure apparatus that syn-
chronously moves a mask and an object in predetermined
scanning direction with respect to an illumination light and
transfers a pattern formed on the mask onto the object, the
apparatus comprising: a mask stage movable in at least the
scanning direction holding the mask; an object stage movable
in at least the scanning direction holding the object; an inter-
ferometer and an encoder that measure positional information
of'the mask stage in the scanning direction; a calibration unit
that decides correction information in which measurement
values of the encoder is corrected using measurement values
of the interferometer, based on measurement results of the
interferometer and the encoder, which are measured by driv-
ing the mask stage in the scanning direction at a slow speed at
a level in which the short-term variation of the measurement
values of the interferometer can be ignored and measuring
positional information of the mask stage in the scanning
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direction using the interferometer and the encoder; and a
control unit that controls movement of the mask stage during
transfer of the pattern, based on the measurement value of the
encoder and the correction information.

According to this apparatus, by the calibration unit, the
mask stage is driven in the scanning direction at a slow speed
at a level in which the short-term variation of the measure-
ment values of the interferometer can be ignored, and the
positional information of the mask stage in the scanning
direction is measured using the interferometer and the
encoder. Then, based on the measurement results of the inter-
ferometer and the encoder, correction information for cor-
recting the measurement values of the encoder using the
measurement values of the interferometer, that is, correction
information for correcting the measurement values of the
encoder whose short-term stability of the measurement val-
ues excels the interferometer, using the measurement values
of the interferometer whose linearity and long-term stability
of the measurement values excels the encoder, is decided.
Then, the control unit controls the movement of the mask
stage during pattern transfer, based on the measurement val-
ues of the encoder and the correction information. Accord-
ingly, it becomes possible to control the movement of the
mask stage in the scanning direction during pattern transfer
with good accuracy, based on the measurement values of the
encoder that has been corrected using the correction informa-
tion, that is, the measurement values of the positional infor-
mation of the mask stage having good linearity and long-term
stability, in addition to good short-term stability. Accordingly,
the pattern formed on the mask can be transferred with good
accuracy onto the object by the scanning exposure.

According to the eighteenth aspect of the present invention,
there is provided a fourth exposure apparatus that synchro-
nously moves a mask and an object in predetermined scan-
ning direction with respect to an illumination light and trans-
fers a pattern formed on the mask onto the object, the
apparatus comprising: a mask stage movable in at least the
scanning direction holding the mask; an object stage movable
in at least the scanning direction holding the object; an inter-
ferometer and an encoder that measure positional information
of'the mask stage in the scanning direction; a calibration unit
that corrects scaling error in a map information that denotes a
relation between the measurement values of the interferom-
eter and the measurement values of the encoder, based on the
measurement values of the interferometer and the encoder
each obtained at a predetermined sampling interval, while
position setting the mask stage at a plurality of positions
including a first position and a second position which are
positions on both edges of a range where the illumination
light is irradiated on a pattern area of a mask subject to
exposure; and a control unit that controls the movement of the
mask stage during transfer of the pattern, based on the mea-
surement values of the encoder and the map information after
correction.

According to this apparatus, the calibration unit obtains
measurement values of the interferometer and the encoder at
a predetermined sampling interval while position setting the
mask stage at a plurality of positions including a first position
and a second position which are positions on both edges of a
range where the illumination light is irradiated on a pattern
area of a mask subject to exposure, and based on the mea-
surement values that have been obtained, the calibration unit
performs calibration operation of correcting scaling error in a
map information that denotes a relation between the measure-
ment values of the interferometer and the measurement val-
ues of the encoder. That is, the scaling error of the map
information that denotes a relation between the measurement
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values of the encoder whose short-term stability of the mea-
surement values excels the interferometer and the measure-
ment values of the interferometer whose linearity and long-
term stability of the measurement values excels the encoder is
corrected. Then, by the control unit, based on the measure-
ment values of the encoder and the map information after
correction, the movement of the mask stage during pattern
transfer is controlled. Accordingly, it becomes possible to
control the movement of the mask stage in the scanning
direction during pattern transfer with good accuracy, based on
the map information after correction and the measurement
values of the encoder.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a view that shows a schematic arrangement of an
exposure apparatus related to an embodiment;

FIG. 2 is a planar view that shows areticle stage, along with
an encoder system which measures positional information of
the reticle stage and an interferometer system;

FIG. 3 is a planar view that shows a wafer stage, along with
an encoder which measures positional information of the
wafer stage and an interferometer;

FIG. 4 is an extracted view that shows a Y interferometer
which measures a position of wafer stage WST in FIG. 1,2 Z
interferometer, and the neighboring components;

FIG. 5 is a view that shows an example of an arrangement
of an encoder;

FIG. 6 is a block diagram of a control system partially
omitted, related to stage control of an exposure apparatus
related to an embodiment;

FIG. 7 is a view (No. 1) for describing a switching opera-
tion of a position measurement system;

FIG. 8 is a view (No. 2) for describing a switching opera-
tion of a position measurement system;

FIG.9 is aview (No. 1) for describing a scanning operation
of a reticle stage for exposure including a switching (linking
the measurement values) operation of an encoder on the
reticle side;

FIG. 10 is a view (No. 2) for describing a scanning opera-
tion of a reticle stage for exposure including a switching
(linking the measurement values) operation of an encoder on
the reticle side;

FIG. 11 is a view (No. 3) for describing a scanning opera-
tion of a reticle stage for exposure including a switching
(linking the measurement values) operation of an encoder on
the reticle side;

FIG. 12A is a view that shows a state in which the wafer
stage is located at a position where the area around the center
of the wafer is directly under a projection unit;

FIG. 12B is a view that shows a state in which the wafer
stage is located at a position where the area in the middle
between the center of the wafer and the periphery of the wafer
is directly under the projection unit;

FIG. 13A is a view that shows a state where the wafer stage
is located at a position where the vicinity of the edge of the
wafer on the +Y side is directly under projection unit PU;

FIG. 13B is a view that shows a state where the wafer stage
is located at a position where the vicinity of the edge of the
wafer in a direction at an angle of 45 degrees to the X-axis and
the Y-axis when viewing from the center of the wafer is
directly under projection unit PU;

FIG. 14 is a view that shows a state where the wafer stage
is located at a position where the vicinity of the edge of the
wafer on the +X side is directly under projection unit PU;
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FIG. 15 is a diagram that shows an example of a map which
is obtained by a first calibration operation of encoders 26A,,
26B,, and 26C;

FIG. 16 is a view (No. 1) used for describing a second
calibration operation for calibrating measurement errors of
encoders 26A , 268, and 26C,;

FIG. 17 is a view (No. 2) used for describing a second
calibration operation for calibrating measurement errors of
encoders 26A , 268, and 26C,;

FIG. 18 is a view that shows an example of a map which is
obtained by a second calibration operation;

FIG. 19 is a diagram that shows an example of a map which
is obtained by a second calibration operation of encoders
26A,,26B,, and 26C;

FIG. 20 is a view used for describing a long-term calibra-
tion operation (a first calibration operation) of encoder values
50A to 50D, that is, a view used for describing an acquisition
operation of correction information of a grating pitch of a
movement scale and correction information of grating defor-
mation;

FIG. 21 is a view that shows measurement values of an
interferometer and an encoder which can be obtained through
sequential calibration of measurement errors of the encoder;

FIG. 22 is a view (No. 1) used for describing an acquisition
operation of correction information of a grating pitch of
movement scales 44 A and 44C related to a modified example;

FIG. 23 is a view (No. 2) used for describing an acquisition
operation of correction information of a grating pitch of
movement scales 44 A and 44C related to a modified example;

FIG. 24 is a view used for describing an acquisition opera-
tion of correction information of a grating line deformation
(grating line warp) of movement scales 44B and 44D related
to a modified example;

FIG. 25 is a view that shows a modified example of an
encoder system for a wafer stage;

FIG. 26 is a view that shows a different modified example
of'an encoder system for a wafer stage; and

FIG. 27 is a view that shows a modified example of a wafer
stage used in a liquid immersion exposure apparatus.

DESCRIPTION OF THE EMBODIMENTS

An embodiment of the present invention will be described
below, referring to FIGS. 1 to 21.

FIG. 1 shows the entire configuration of an exposure appa-
ratus 100 related to the embodiment. Exposure apparatus 100
is a scanning exposure apparatus based on a step-and-scan
method, that is, the so-called scanning stepper. As it will be
described later, a projection optical system PL is arranged in
the embodiment, and in the description below, a direction
parallel to an optical axis AX of projection optical system PL,
will be set as the Z-axis direction, a direction in which a reticle
and a wafer are relatively scanned within a plane orthogonal
to the Z-axis will be set as the Y-axis direction, and a direction
orthogonal to both the Z-axis and Y-axis will be set as the
X-axis direction. Further, the rotational (gradient) direction
around the X-axis, Y-axis, and Z-axis will be set as 0x direc-
tion, Oy direction, and 0z direction, respectively.

Exposure apparatus 100 is equipped with an illumination
system 10 that includes a light source and an illumination
optical system and illuminates reticles R1 and R2 with an
illumination light (exposure light) I, a reticle stage RST that
holds reticles R1 and R2, a projection unit PU, a wafer stage
unit 12 that includes a wafer stage WST on which a wafer W
is mounted, a body BD on which reticle stage RST, projection
unit PU and the like are mounted, a control system for these
components and the like.
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Tlumination system 10 illuminates a slit shaped illumina-
tion area AR (refer to FIG. 2) that extends in the X-axis
direction set with a reticle blind (masking system) (not
shown) on reticle R1 or R2 by an illumination light I[, with a
substantially uniform illuminance. In this case, as illumina-
tionlight IL,, an ArF excimer laser beam (wavelength 193 nm)
is used.

Reticle stage RST is supported on a reticle base 36 that
configures the top plate of a second column 34 of reticle base
36, for example, via a clearance of several um by air bearings
or the like (not shown) arranged on its bottom surface. As
reticle stage RST, for example, a reticle stage that can hold
one reticle, or a twin reticle stage that can move indepen-
dently while each holding one reticle can be used. In this
embodiment, a reticle stage by a double reticle holder method
that can hold two reticles at a time is used.

Reticle stage RST, in this case, can be finely driven two-
dimensionally (in the X-axis direction, the Y-axis direction,
and the 0z direction) within an XY plane perpendicular to
optical axis AX of projection optical system PL by a reticle
stage drive system 11 which includes a linear motor or the
like. Further, reticle stage RST can be driven on reticle base
36 in a predetermined scanning direction (in this case, the
Y-axis direction, which is the lateral direction of the page
surface in FIG. 1) at a designated scanning speed. Reticle
stage RST can employ a coarse/fine movement structure as is
disclosed in, for example, Kokai (Japanese Patent Unexam-
ined Application Publication) No. 8-130179 (the correspond-
ing U.S. Pat. No. 6,721,034), and its configuration is not
limited to the one referred to in this embodiment (FIG. 2 or the
like).

Reticle stage RST is configured so that its positional infor-
mation within the XY plane (movement plane) can be mea-
sured by a reticle interferometer system, which includes a
reticle Y laser interferometer (hereinafter referred to as
“reticle Y interferometer”) 16y and the like, and an encoder
system, which includes encoder head (hereinafter simply
referred to as “head”) 26A, to 26A,, 26C, to 26C;, a move-
ment scale 24A and the like. FIG. 1 shows a state where the
upper edge surface of reticles R1 and R2 are exposed above
movement scale 24A. However, this is for the sake of conve-
nience when describing the embodiment, therefore, the actual
state will be different.

The configuration and the like of reticle stage RST, and the
reticle interferometer system and encoder system that mea-
sure the position of reticle stage RST within the XY plane
(movement plane) will be further described below.

As is shown in FIG. 2, in the center of reticle stage RST, a
rectangular recessed section 22 is formed, which extends
narrowly in the Y-axis direction (the scanning direction) in a
planar view (when viewed from above). Inside recessed sec-
tion 22, two substantially square openings (not shown) are
formed side by side in the Y-axis direction, and in a state
covering these openings reticle R1 and reticle R2 are placed
side by side in the Y-axis direction. Reticles R1 and R2 are
each vacuum suctioned by a suction mechanism (not shown)
such as, for example, a vacuum chuck, which is arranged on
the bottom surface within recessed section 22 in the two
openings, on both sides in the X-axis direction.

Further, on the +X side edge section and -X side edge
section on the upper surface of reticle stage RST, a pair of
movement scales 24A and 24B are arranged with the Y-axis
direction being the longitudinal direction, in an arrangement
symmetric to a center axis parallel to the Y-axis direction that
passes the center of illumination area IAR (in the embodi-
ment, the center substantially coincides with optical axis AX
within a first plane (object plane) of projection optical system
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PL). Movement scales 24A and 24B are made of the same
material (such as, for example, ceramics or low thermal
expansion glass), and on the surface, a reflection type diffrac-
tion grating that has a period direction in the Y-axis direction
is formed in an arrangement symmetric to the center axis
referred to above. Movement scales 24 A and 24B are fixed to
reticle stage RST, for example, by vacuum suction (or a plate
spring) or the like, so that expansion/contraction does not
occur locally.

Above movement scales 24A and 24B (on the +Z side), as
is shown in FIG. 2, two pairs of heads 26A, and 26A,, and
26B, and 26B, used for measuring the position in the Y-axis
direction are arranged facing movement scales 24A and 248,
in an arrangement symmetric to the center axis referred to
above (refer to FIG. 1). Ofthese heads, heads 26 A, and 26B,
are placed at positions where their measurement centers sub-
stantially coincide with a straight line (measurement axis) in
the X-axis direction that passes the center of illumination area
IAR previously described. Further, heads 26A, and 26B, are
placed at positions the same distance away from heads 26A,
and 26B, in the +Y direction, also in plane with heads 26A
and 26B;. Furthermore, also in plane with heads 26A, and
268, and in symmetry with heads 26 A, and 26B, regarding
the above measurement axis, a pair ofheads 26 A, and 26B; is
placed at positions the same distance away from heads 26A,
and 26B, in the -Y direction. The three pairs of heads 26A
and 26B,, 26A, and 26B,, and 26 A; and 26B; are each fixed
to reticle base 36 via support members (not shown).

Further, on the -X side of movement scale 24A on the
upper surface of reticle stage RST, a movement scale 28 with
the Y-axis direction being the longitudinal direction is placed
in line with movement scale 24 A, and is fixed to reticle stage
RST by, for example, vacuum suction (or a spring plate) or the
like. Movement scale 28 is made of the same material as
movement scales 24A and 24B (such as, for example, ceram-
ics or low thermal expansion glass), and on the upper surface,
areflection type diffraction grating that has a period direction
in the X-axis direction is formed covering almost the entire
length in the Y-axis direction.

Above movement scale 28 (on the +Z side), as is shown in
FIG. 2, two heads 26C, and 26C, used for measuring the
position in the X-axis direction are arranged facing move-
ment scale 28 (refer to FIG. 1). Of these heads, head 26C, is
positioned substantially on the straight line (measurement
axis) in the X-axis direction that passes the center of illumi-
nation area IAR previously described. Further, head 26C, is
placed at a position in the vicinity of head 26A,,, which is a
predetermined distance away from head 26C, inthe +Y direc-
tion, and also in plane with heads 26A, and 26A.,.

Furthermore, also in plane with head 26C, and in symme-
try with head 26C, regarding the above measurement axis, a
head 26C; is placed at a position a predetermined distance
away from head 26C, in the -Y direction. The three heads
26C,, 26C,, and 26C; are each fixed to reticle base 36 via
support members (not shown). In the embodiment, the nine
heads26A,1026A;,26B, t026B;, and 26C, to 26C; are fixed
to reticle base 36 via support members (not shown), however,
the present invention is not limited to this, and for example,
the heads can be arranged in a frame member set on a floor
surface F or a base plate BS via a vibration isolation mecha-
nism.

In the embodiment, heads 26A, and 26B, and movement
scales 24 A and 243 that face the heads constitute a pair of'Y
linear encoders used for measuring the position of reticle
stage RST in the Y-axis direction (Y position). In the descrip-
tion below, for the sake of convenience, these Y linear encod-
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ers will beindicated as Y linearencoders 26A | and 26B, using
the same reference numerals as the heads.

The measurement axes of Y linear encoders 26 A, and 26B,
are located the same distance away in the X-axis direction
from the center of illumination area IAR (in the embodiment,
coinciding with optical axis AX of projection optical system
PL) previously described. And, at the point of exposure or the
like, for example, the Y position of reticle stage RST is mea-
sured, based on an average value of the measurement values
of'Y linear encoders 26A, and 26B,. More specifically, the
substantial measurement axes for measuring the positional
information of reticle stage RST with Y linear encoders 26 A,
and 26B, passes through optical axis AX of projection optical
system PL. Accordingly, at the point of exposure or the like,
the Y position of reticle stage RST can be measured using Y
linear encoders 26A, and 26B, without Abbe errors. Further-
more, rotational information of reticle stage RST in the 6z
direction (yawing) is obtained based on the measurement
values of'Y linear encoders 26A, and 26B;.

Similarly, heads 26 A, and 26 A; and movement scale 24A
that faces the heads each constitute aY linear encoder used for
measuring the position of reticle stage RST in the Y-axis
direction (Y position). In the description below, for the sake of
convenience, theseY linear encoders will each be indicated as
Y linear encoders 26 A,, 26 A5, 26B,, and 26B; using the same
reference numerals as the heads.

Further, head 26C, and movement scale 28 that face the
head constitute an X linear encoder used for measuring the
position of reticle stage RST in the X-axis direction (an X
position) along the straight line parallel to the X-axis direc-
tion (measurement axis) that passes through the center of
illumination area IAR previously described. In the descrip-
tion below, for the sake of convenience, the X linear encoder
will be indicated as X linear encoder 26C, using the same
reference numerals as the head. Accordingly, at the point of
exposure or the like, the X position of reticle stage RST can be
measured using X linear encoder 26C; without Abbe errors.

Similarly, heads 26C, and 26C; and movement scale 28
each constitute an X linear encoder used for measuring the X
position of reticle stage RST. In the description below, for the
sake of convenience, these X linear encoders will each be
indicated as X linear encoders 26C, and 26C using the same
reference numerals as the heads.

The measurement values of the nine linear encoders (here-
inafter will also be appropriately referred to as “encoders™)
26A, to 26C; above are sent (refer to FIG. 3) to a main
controller 20 (refer to FIG. 1).

The three movement scales 24 A, 24B, and 28 are set so that
their length in the Y-axis direction (corresponding to the for-
mation range of the diffraction gratings in movement scales
24A and 24B, and the width of the diffraction grating in
movement scale 28) covers the entire area of the movement
strokes (movement range) of reticle stage RST in the Y-axis
direction when scanning exposure of wafer W is performed
via at least one of reticle R1 and R2 (in the embodiment, in at
least during the scanning exposure and also during accelera-
tion/deceleration and synchronous settling period of reticle
stage RST before and after the scanning exposure, among
heads 26A,, 26B,, and 26C, (i=1 to 3), which make a set in
threes, at least one set of heads (measurement beams) is set so
that it does not move off its corresponding movement scale
(diffraction grating), that is, an unmeasurable state is
avoided). Further, the width (corresponding to the width of
the diffraction gratings in movement scales 24 A and 24B, and
the formation range of the diffraction grating in movement
scale 28) of the three movement scales 24 A, 24B, and 28 in
the X-axis direction previously described is also similarly set,
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so that it covers the entire area of the movement strokes of
reticle stage RST in the X-axis direction (in the embodiment,
among heads 26A,, 26B,, and 26C, (i=1 to 3), which make a
set in threes, at least one set of heads (measurement beams) is
set so that it does not move off its corresponding movement
scale (diffraction grating), that is, an unmeasurable state is
avoided). Reticle stage RST can be finely rotated in the 0z
direction, therefore, the size (length and width) of the three
movement scales 24A, 24B, and 28 described earlier in the
X-axis and Y-axis directions is naturally decided also taking
into consideration the rotational range in the 0z direction, so
that measurement by at least the three linear encoders 26A,
26B,, and 26C, does not become unmeasurable.

Furthermore, in the embodiment, in the scanning exposure
using reticle R2, the positional information (including at least
the positions in the X-axis and Y-axis directions and the
rotational direction in the 6z direction) of reticle stage RST
can be measured by the six linear encoders 26 A |, 26 A,, 26B,,
26B,, 26C,, and 26C,. Further, in the scanning exposure
using reticle R1, the positional information (including at least
the positions in the X-axis and Y-axis directions and the
rotational direction in the 6z direction) of reticle stage RST
can be measured by the six linear encoders 26 A |, 26 A5, 26B,,
26B;,26C,, and 26C;. Further, in the embodiment, exchange
of reticles R1 and R2 is performed on the +Y side or the -Y
side with respect to illumination area IAR previously
described, or reticle R1 is exchanged on the -Y side while
reticle R2 is exchanged on the +Y side, and also at such
exchange positions, the positional information of reticle stage
RST can be measured using at least three of the linear encod-
ers 26A,, 26B,, and 26C, or linear encoders 26 A, 26B;, and
26C,.

In the embodiment, the encoder system for reticle stage
RST is configured with the three movement scales 24 A, 24B,
and 28 and a head unitthat has nine heads 26 A, t0 26 A, 26B,
t0 26B;, and 26C, to 26C;, however, the configuration of the
encoder system is not limited to the one shown in FIG. 2, and
for example, the head unit can merely have three head units,
26A,, 26B,, and 26C,. In this case, when the position of
reticle stage RST becomes unmeasurable by linear encoders
26A,, 26B,, and 26C, at the reticle exchange position or
while moving to the reticle exchange position, the position of
reticle stage RST can be measured, for example, using a
different measurement unit, or at least a part of the reticle
interferometer system referred to earlier. Further, in the
embodiment, the three movement scales 24 A, 24B, and 28 are
fixed to reticle stage RST using a suction mechanism, a plate
spring or the like, however, besides such ways, for example, a
screw clamp can be used, or the diffraction grating can be
directly formed on reticle stage RST. Furthermore, in the
embodiment, movement scales 24A, 24B, and 28 are
arranged on the upper surface (illumination system side) of
reticle stage RST, however, movement scales 24 A, 24B, and
28 can also be arranged on the lower surface (projection
optical system side), or the placement of the head units (en-
coder heads) and movement scales 24A, 24B, and 28
described earlier can be reversed, that is, the head units can be
arranged on reticle stage RST and movement scales 24A,
24B, and 28 can be arranged on the body side.

Thereticle interferometer system is equipped with reticle Y
interferometer 16y and a reticle X interferometer 16w, as is
shown in FIGS. 2 and 6.

Asisshown in FIG. 2, reticle X interferometer 16x includes
asensor head 19A (not shown in FIG. 1) and an optical system
unit 19B fixed to the edge surface of reticle stage RST on the
+X side.
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Sensor head 19A is fixed on the upper surface of reticle
base 36, and sensor head 19A incorporates a light source, an
optical system, two analyzers (polarizers), and two photo-
electric conversion elements inside. As the light source, a
two-frequency laser that uses the Zeeman effect is used. The
optical system enlarges the sectional shape of the laser beam
from this light source in the horizontal direction, and as is
shown in FIG. 2, a beam BM whose sectional shape is
enlarged is emitted from sensor head 19. Then, in optical
system unit 19B, beam BM is split into two beams, and one of
the split beams is incident on a first beam splitter (not shown),
which splits the beam into a measurement beam BM, and a
reference beam. Measurement beam BM, is reflected by a
reflection surface of a planar mirror 21, while the reference
beam is reflected, for example, by the reflection surface of
reticle stage RST, and then returns to the first beam splitter
where it is concentrically synthesized and then is output from
optical system unit 19B. Similarly, the other split beam is
incident on a second beam splitter (not shown), which splits
the beam into a measurement beam BM, and a reference
beam. Measurement beam BM, is reflected by a reflection
surface of a planar mirror 21, while the reference beam is
reflected, for example, by the reflection surface of reticle
stage RST, and then returns to the second beam splitter where
it is concentrically synthesized and then is output from optical
system unit 19B. Although it is not shown in the drawings, in
the embodiment, planar mirror 21 is fixed to a part of body BD
described earlier, such as, for example, to reticle base 36 of
the second column 34, or to a barrel platform (main frame) 38
of a first column 32 which will be described later in the
description.

Further, return lights from both the first and the second
beam splitters inside optical system unit 19B (synthesized
light of measurement beams BM, and BM,, and the respective
reference beams described above) return to sensor head 19A.
Inside sensor head 19A, these return lights are incident on
separate analyzers via the optical system, and the interference
lights output from each analyzer are received separately by
the two photoelectric conversion elements, and interference
signals according to each of the interference lights are sent to
a signal processing system (not shown). Then, based on the
interference signals of each photoelectric conversion ele-
ment, the signal processing system uses a phase change that
occurs due to a Doppler shift in the phase of the measurement
beam with respect to the phase of the reference beam to
perform a heterodyne detection for measuring the change in
the interference signals caused by the phase change. And
then, from the change of the interference signals that have
been detected, the signal processing system constantly
detects the positional information of reticle stage RST in the
X-axis direction at the irradiation points of measurement
beams BM, and BM, with planar mirror 21 serving as a
reference, that is, the X positional information of reticle stage
RST atthe irradiation points of measurement beams BM, and
BM.,, at a resolution of, for example, approximately 0.5 to 1
nm.

Reticle Y interferometer 16y is a Michelson heterodyne
interferometer that employs a two-frequency laser that uses
the Zeeman effect as its light source as in reticle X interfer-
ometer 16x. Reticle Y interferometer 16y constantly detects
theY position of reticle stage RST via a movable mirror (such
as a planar mirror or a retroreflector) 15, which is fixed to
reticle stage RST, at a resolution of, for example, approxi-
mately 0.5 to 1 nm, with a fixed mirror 14 (refer to FIG. 1)
fixed to the side surface of a barrel 40 configuring projection
unit PU serving as a reference. At least a part of reticle Y
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interferometer 16y (for example, an optical unit excluding the
light source) is fixed, for example, to reticle base 36.

The X positional information from the two axes of reticle X
interferometer 16x and the Y positional information from
reticleY interferometer 16y is sent to main controller 20 (refer
to FIG. 6).

The reticle interferometer system previously described is
equipped with X interferometer 16 that has sensor head 19A
and optical system unit 19B arranged in reticle stage RST,
however, the configuration of X interferometer 16x is not
limited to this, and for example, the arrangement of optical
system unit 19B and planar mirror 21 can be reversed, or more
specifically, a configuration in which a measurement beam
from optical system unit 19B placed on reticle base 36 is
irradiated on a reflection surface (corresponding to planar
mirror 21) formed extending in the Y-axis direction on the
side surface of reticle stage RST can also be employed. Fur-
thermore, sensor head 19A is arranged on reticle base 36,
however, for example, at least a part of sensor head 19A can
be arranged on a frame member different from body BD.
Further, in the embodiment, as the reflection surface for the
interferometer of the reticle interferometer system, movable
mirror 15 referred to earlier fixed on the edge surface of reticle
stage RST is used, however, instead of movable mirror 15, a
reflection surface, which can be obtained by mirror polishing
the edge surface (side surface) of reticle stage RST, can also
be used. Further, in the embodiment, Y interferometer 16y
had one measurement axis and X interferometer 16x had two
measurement axes, however, the number of measurement
axis can be reversed between the X-axis direction and the
Y-axis direction, or both of the interferometers can each have
two or more axes. Especially in the latter case, Y interferom-
eter 16y can measure the rotational information in the 6x
direction (pitching) of reticle stage RST and X interferometer
16x can measure the rotational information in the 8y direction
(rolling) of reticle stage RST.

In exposure apparatus 100 of the embodiment, the mea-
surement values of reticle interferometer systems 16xand 16y
are used only for calibration of measurement values of encod-
ers 26A,, 26B,, 26C, and the like, which will be described
later, and on exposure operation, the position of reticle stage
RST is controlled according to measurement values of the
encoder system on the reticle side. Especially the position of
reticle stage RST during scanning exposure is controlled by
main controller 20, based on the measurement values of
encoders 26A,, 26B,, and 26C,. Accordingly, as it can be
easily imagined from FIG. 2, on exposure operation, a switch-
ing operation (linking the measurement values) of the
encoder used for position control of reticle stage RST has to
be performed. Details will be described later in the descrip-
tion.

Above reticle stage RST, a pair of reticle alignment detec-
tion systems 13 A and 13B (not shown in FIG. 1, refer to FIG.
6), each consisting of an alignment system by a TTR
(Through The Reticle) method that uses light of the exposure
wavelength for detecting a pair of fiducial marks on wafer
stage WST and a corresponding pair of reticle marks on the
reticle at the same time via projection optical system PL, is
arranged in the X-axis direction at a predetermined distance.
As the pair of reticle alignment detection systems 13A and
13B, a system having a structure similar to the one disclosed
in, for example, Kokai (Japanese Unexamined Patent Appli-
cation Publication) No. 7-176468 (the corresponding U.S.
Pat. No. 5,646,413) and the like can be used.

Projection unit PU is held by a part of body BD, below
reticle stage RST in FIG. 1. Body BD is equipped with the
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first column 32 arranged on frame caster FC installed on floor
surface F of a clean room and the second column 34 fixed on
the first column 32.

Frame caster FC is equipped with a base plate BS laid
horizontally on floor surface F, and a plurality of; e.g. three (or
four), leg sections 39 (however, the leg section in the depth of
the page surface of FIG. 1 is omitted in the drawings) fixed on
base plate BS.

The first column 32 is equipped with a barrel platform
(main frame) 38, which is supported substantially horizon-
tally by a plurality of, e.g. three (or four), first vibration
isolation mechanisms 58 fixed individually on the upper end
of' the plurality of leg sections 39 that configures frame caster
FC.

In barrel platform 38, a circular opening (not shown) is
formed substantially in the center, and in the circular opening,
projection unit PU is inserted from above and is held by barrel
platform 38 via a flange FL.G arranged on the outer circum-
ferential section. On the upper surface of barrel platform 38,
at positions surrounding projection unit PU, one end (the
lower end) of a plurality of, e.g. three (or four), legs 41
(however, the leg in the depth of the page surface of FIG. 1 is
omitted in the drawings) is fixed. The other end (the upper
end) of these legs 41 is substantially flush on a horizontal
surface, and on each of the upper end surface of legs 41, the
lower surface of reticle base 36 described earlier is fixed. In
the manner described above, the plurality of legs 41 horizon-
tally supports reticle base 36. That is, reticle base 36 and legs
41 that support reticle base 36 constitute the second column
34. In reticle base 36, an opening 364, which serves as a path
for illumination light IL, is formed in the center.

Projection unit PU includes barrel 40 that has a cylinder
hollow shape with flange FL.G arranged, and projection opti-
cal system PL consisting of a plurality of optical elements
held in barrel 40. In the embodiment, projection unit PU was
mounted on barrel platform 38, however, as is disclosed in,
for example, the pamphlet of International Publication
WO02006/038952 and the like, projection unit PU can be
supported by suspension with respect to a mainframe member
(not shown) placed above projection unit PU or to reticle base
36.

As projection optical system PL, for example, a dioptric
system is used consisting of a plurality of lenses (lens ele-
ments) that are disposed along optical axis AX, which is
parallel to the Z-axis direction. Projection optical system PL.
is, for example, a both-side telecentric dioptric system that
has a predetermined projection magnification (such as one-
quarter or one-fifth times). Therefore, when illumination light
IL from illumination system 10 illuminates illumination area
IAR, a reduced image of the circuit pattern (a reduced image
of a part of the circuit pattern) is formed within illumination
area IAR, with illumination light IT that has passed through
the reticle (R1 or R2) whose pattern surface substantially
coincides with the first plane (object plane) of projection
optical system PL, in an area conjugate to illumination area
IAR on wafer W (exposure area) whose surface is coated with
a resist (a sensitive agent) and is placed on the second plane
(image plane) side, via projection optical system PL. And by
reticle stage RST and wafer stage WST being synchronously
driven, the reticle is relatively moved in the scanning direc-
tion (Y-axis direction) with respect to illumination area IAR
(illumination light 11.) while wafer W is relatively moved in
the scanning direction (Y-axis direction) with respect to the
exposure area (illumination light IL), thus scanning exposure
of'a shot area (divided area) on wafer W is performed, and the
pattern of the reticle is transferred onto the shot area. That is,
in the embodiment, the pattern is generated on wafer W
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according to illumination system 10, the reticle, and projec-
tion optical system PL, and then by the exposure of the
sensitive layer (resist layer) on wafer W with illumination
light 1L, the pattern is formed on wafer W.

Wafer stage unit 12 is equipped with a stage base 71, which
is supported substantially horizontally by a plurality of (e.g.
three) second vibration isolation mechanisms (omitted in
drawings) placed on base plate BS, wafer stage WST placed
above the upper surface of stage base 71, a wafer stage drive
section 27 that drives wafer stage WST, and the like.

Stage base 71 is made of a flat plate, which is also called a
platform, and the upper surface is finished so that the degree
of flatness is extremely high. The upper surface serves as a
guide surface when wafer stage WST moves.

Wafer stage WST has a main section and a table section
above the main section, and is driven, for example, in direc-
tions of six degrees of freedom, which are the X-axis direc-
tion, the Y-axis direction, the Z-axis direction, the 6x direc-
tion, the Oy direction, and the 0z direction by wafer stage
drive system 27 that includes voice coil motors or the like.

Wafer stage WST can also employ a configuration, for
example, in which wafer stage WST is equipped with a wafer
stage main section driven in at least the X-axis direction, the
Y-axis direction, and the 0z direction by a linear motor or the
like, and a wafer table that is finely driven on the wafer stage
main section in at least the Z-axis direction, the 0x direction,
and the Oy direction by a voice coil motor or the like.

On wafer stage WST (or to be more precise, on the table
section mentioned above), wafer W is mounted via a wafer
holder (not shown), and wafer W is fixed to the wafer holder,
for example, by vacuum suction (or electrostatic suction) or
the like.

Further, positional information of wafer stage WST within
the XY plane (movement plane) can be measured by both an
encoder system that includes head units 46B, 46C, and 46D
and movement scales 44B, 44C, and 44D and the like and a
wafer laser interferometer system (hereinafter referred to as
“wafer interferometer system™) 18, shown in FIG. 1. Next,
details on the configuration of the encoder system for wafer
stage WST and wafer interferometer system 18 will be
described.

As is shown in FIG. 3, on the upper surface of wafer stage
WST, four movement scales 44A to 44D are fixed surround-
ing wafer W. More specifically, movement scales 44 A to 44D
are made ofthe same material (such as, for example, ceramics
or low thermal expansion glass), and on the surface, a reflec-
tion type diffraction grating that has a period direction in the
longitudinal direction is formed. The diffraction grating is
formed having a pitch, for example, between 4 pm to 138 nm.
In this embodiment, the diffraction grating is formed having
a 1 um pitch. In FIG. 3, for the sake of convenience in the
drawing, the pitch of the grating will be indicated much wider
than the actual pitch. The same applies to other drawings.

The longitudinal direction of movement scales 44A and
44C coincides with the Y-axis direction in FIG. 3, and move-
ment scales 44A and 44C are arranged in symmetry with
respect to a center line that passes through the center of wafer
stage WST (considered excluding movable mirrors 17X and
17Y) parallel to the Y-axis direction, and each diffraction
grating formed on movement scales 44A and 44C is also
placed in symmetry regarding the center line. Since these
movement scales 44A and 44C have diffraction gratings
arranged periodically in the Y-axis direction, movement
scales 44A and 44C are used for measuring the position of
wafer stage WST in the Y-axis direction.

Further, the longitudinal direction of movement scales 44B
and 44D coincides with the X-axis direction in FIG. 3, and
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movement scales 44B and 44D are arranged in symmetry
with respect to a center line that passes through the center of
wafer stage WST (considered excluding movable mirrors
17X and 17Y) parallel to the X-axis direction, and each
diffraction grating formed on movement scales 44B and 44D
is also placed in symmetry regarding the center line. Since
these movement scales 44B and 44D have diffraction gratings
arranged periodically in the X-axis direction, movement
scales 44B and 44D are used for measuring the position of
wafer stage WST in the X-axis direction.

In FIG. 1 the state is shown where wafer W is exposed
above movement scale 44C, however, this is for the sake of
convenience, and the upper surface of movement scales 44A
to 44D is actually at the same height, or positioned above the
upper surface of wafer W.

Meanwhile, as is obvious from FIGS. 1 and 3, four encoder
head units (hereinafter shortened to “head unit”) 46 A to 46D
are placed crossing the corresponding movement scales 44A
to 44D, in a state where the four encoder heads surround the
periphery of the lowest end of projection unit PU from four
directions. Although it is omitted in FIG. 1 from the point of
avoiding confusion, these head units 46 A to 46D are actually
fixed to barrel platform 38 in a suspended state via a support
member.

Head units 46 A and 46C are placed on the —X side and +X
side of projection unit PU with the longitudinal direction
being the X-axis direction, which is orthogonal to the longi-
tudinal direction of the corresponding movement scales 44A
and 44C (the Y-axis direction in FIG. 3), and is also placed in
symmetry regarding optical axis AX of projection optical
system PL. Further, head units 46B and 46C are placed on the
+Y side and -Y side of projection unit PU with the longitu-
dinal direction being the Y-axis direction, which is orthogonal
to the longitudinal direction of the corresponding movement
scales 44B and 44D (the X-axis direction in FIG. 3), and is
also placed in symmetry regarding optical axis AX of projec-
tion optical system PL.

Head units 46A to 46D can each be a unit that has, for
example, a single head or a plurality of heads that are disposed
seamlessly. In the embodiment, however, as in FIG. 3 repre-
sentatively showing head unit 46C, the head unit has a plu-
rality of, e.g. eleven heads 48a to 48k, disposed at a predeter-
mined distance in the longitudinal direction. Incidentally, in
head units 46 A to 46D, the plurality of heads are disposed at
a distance so that adjacent two heads of the plurality of heads
do not go astray from the corresponding movement scale
(diffraction grating), or in other words, at around the same
distance or narrower than the width of the diffraction grating
in the direction orthogonal to the longitudinal direction (dis-
posal direction of the diffraction grating) of the movement
scale.

Head unit 46 A constitutes a multiple-lens type, or to be
more accurate, an eleven-lens Y linear encoder S0A (refer to
FIG. 6), which is equipped with heads 484 to 48%, for mea-
suring the Y position of wafer stage WST along with move-
ment scale 44 A. Further, head unit 46B constitutes an eleven-
lens X linear encoder 50B (refer to FIG. 6) for measuring the
X position of wafer stage WST along with movement scale
44B. Further, head unit 46C constitutes an eleven-lens Y
linear encoder 50C (refer to FIG. 6) for measuring the Y
position of wafer stage WST along with movement scale 44C.
Further, head unit 46D constitutes an eleven-lens X linear
encoder 50D (refer to FIG. 6) for measuring the X position of
wafer stage WST along with movement scale 44D. The mea-
surement values of encoders 50A to 50D are sent to main
controller 20. In the embodiment, the four head unit 46 A to
46D are supported by suspension from barrel platform 38,
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however, in the case exposure apparatus 100 of FIG. 1 has a
configuration in which projection unit PU is supported by
suspension with respect to a mainframe member or a reticle
base 36, for example, head units 46 A to 46D can be supported
by suspension integrally with projection unit PU, or the four
head units 46 A to 46D can be arranged independently from
projection unit PU in a measurement frame supported by
suspension from the mainframe member or from reticle base
36.

Further, as is shown in FIG. 1, positional information of
wafer stage WST is constantly detected by wafer interferom-
eter system 18, which irradiates measurement beams on mov-
able mirrors 17 and 43 fixed on wafer stage WST, at a reso-
Iution of, for example, approximately 0.5 to 1 nm. Wafer
interferometer system 18 has at least a part of its system (for
example, the optical unit excluding the light source) fixed to
barrel platform 38 in a suspended state. At least a part of wafer
interferometer system 18 can be supported by suspension
integrally with projection unit PU, or can be arranged in the
measurement frame as is described above.

As is shown in FIG. 3, on wafer stage WST, Y movable
mirror 17Y that has a reflection surface orthogonal to the
Y-axis direction, which is the scanning direction, and X mov-
able mirror 17X that has a reflection surface orthogonal to the
X-axis direction, which is the non-scanning direction, are
actually arranged. In FIG. 1, however, these mirrors are rep-
resentatively shown as movable mirror 17.

As is shown in FIG. 3, wafer interferometer system 18
includes five interferometers, which are; a wafer Y interfer-
ometer 18Y, two wafer X interferometers 18X, and 18X,,and
two Z interferometers 187, and 18Z,. As these five interfer-
ometers, 18Y, 18X,, 18X,, 187, and 187,, a Michelson
heterodyne interferometer is used that employs a two-fre-
quency laser that uses the Zeeman effect. Of these interfer-
ometers, as waferY interferometer 18Y, a multi-axis interfer-
ometer is used that has a plurality of measurement axes
including two measurement axes, which are symmetric with
respect to an axis (center axis) parallel to the Y-axis passing
through optical axis AX of projection optical axis AX (the
center of the exposure area previously described) and the
detection center of an alignment system ALG, as is shown in
FIG. 3.

Wafer X interferometer 18X, irradiates a measurement
beam on movable mirror 17X along a measurement axis that
passes through optical axis AX of projection optical system
PL parallel to the X-axis. Wafer X interferometer 18X, mea-
sures the positional information of the reflection surface of
movable mirror 17X, which uses the reflection surface of X
fixed mirror fixed to the side surface of barrel 40 of projection
unit PU as a reference, as the X position of wafer stage WST.

Wafer X interferometer 18X, irradiates a measurement
beam on movable mirror 17X along a measurement axis that
passes through the detection center of alignment system ALG
parallel to the X-axis, and measures the positional informa-
tion of the reflection surface of movable mirror 17X, which
uses the reflection surface of a fixed mirror fixed to the side
surface of alignment system ALG as a reference, as the X
position of wafer stage WST.

Further, on the side surface of the main section of wafer
stage WST on the +Y side, movable mirror 43 whose longi-
tudinal direction is in the X-axis direction is attached via a
kinematic support mechanism, as is shown in FIGS. 1 and 4.

A pair of Z interferometers 187, and 187, that constitutes
a part of interferometer system 18 and irradiates a measure-
ment beam on movable mirror 43 is arranged, facing movable
mirror 43 (refer to FIGS. 3 and 4). More particularly, as is
shown in FIGS. 3 and 4, the length of movable mirror 43 in the
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X-axis direction is longer than movable mirror 17Y, and is
made of a member that has a hexagonal sectional shape,
which looks like a rectangle and an isosceles trapezoid com-
bined together. Mirror polishing is applied on the surface of
movable mirror 34 on the +Y side, and three reflection sur-
faces 43b, 43a, and 43¢ shown in FIG. 4 are formed.

Reflection surface 43a configures the edge surface on the
+Y side of movable mirror 43, and is parallel to the XZ plane
as well as extending in the X-axis direction. Reflection sur-
face 435 configures the surface adjacent to the +Z side of
reflection surface 434, and is parallel to a plane tilted by a
predetermined angle in a clockwise direction in FIG. 4 with
respect to the XZ plane and also extends in the X-axis direc-
tion. Reflection surface 43¢ configures the surface adjacent to
the -Z side of reflection surface 43a, and is arranged in
symmetry with reflection surface 435 with reflection 434 in
between.

As is obvious from FIGS. 3 and 4, Z interferometers 187,
and 187, are respectively arranged on one side and the other
side of Y interferometer 18Y in the X-axis direction, spaced
apart at substantially the same distance and also at a position
slightly lower that Y interferometer 18Y.

As is shown in FIGS. 3 and 4, Z interferometers 187, and
187, project measurement beams B1 and B2 on reflection
surfaces 435 and 43¢, respectively, along the Y-axis direction.
In the embodiment, a fixed mirror 47A that has a reflection
surface on which measurement beam B1 reflected off reflec-
tion surface 435 is perpendicularly incident and a fixed mirror
47B that has areflection surface on which measurement beam
B2 reflected off reflection surface 43¢ is perpendicularly inci-
dent are arranged, each extending in the X-axis direction.

Fixed mirrors 47A and 47B are supported, for example,
using the same support section (not shown) arranged in barrel
platform 38. Incidentally, fixed mirrors 47A and 47B can also
be supported using the measurement frame previously
described.

As is shown in FIG. 3, Y interferometer 18Y project mea-
surement beams B4, and B4, on movable mirror 17Y, along
the measurement axes in the Y-axis direction, which are
spaced apart by the same distance on the —X side and +X side
from a straight line parallel to the Y-axis passing through the
projection center (optical axis AX, refer to FIG. 1) of projec-
tion optical system PL, and by receiving the respective reflec-
tion beams, Y interferometer 18Y detects the positional infor-
mation of wafer stage WST in the Y-axis direction at the
irradiation point of measurement beams B4, and B4, while
using the reflection surface of aY fixed mirror fixed to the side
surface of barrel 40 of projection unit PU as a reference. In
FIG. 4, measurement beams B4, and B4, are representatively
shown as measurement beam B4.

Further, Y interferometer 18Y projects a measurement
beam B3 toward reflection surface 43a along a measurement
axis, which is positioned substantially in the center between
measurement beams B4, and B4, in a planar view and also
positioned at the —Z side of measurement beams B4, and B4,
in a side view, and by receiving measurement beam B3
reflected off reflection surface 43a, Y interferometer 18Y
detects the positional information of reflection surface 43a of
movable mirror 43 (that is, wafer stage WST) in the Y-axis
direction.

Main controller 20 computes the Y position of movable
mirror 17Y, that is wafer table WTB (wafer stage WST),
based on an average value of the measurement values of the
measurement axes corresponding to measurement beams B4,
and B4, of Y interferometer 18Y. Further, main controller 20
computes the displacement of wafer stage WST in the 6x
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direction (pitching), based on the Y position of movable mir-
ror 17Y and reflection surface 43a of movable mirror 43.

Further, measurement beams B1 and B2 projected from Z
interferometers 187, and 187, are respectively incident on
reflection surfaces 436 and 43¢ of movable mirror 43 at a
predetermined incident angle (the angle is 6/2), and are
reflected off reflection surfaces 436 and 43¢ and are perpen-
dicularly incident on the reflection surface of fixed mirrors
47A and 47B. Then, measurement beams 81 and B2 reflected
off fixed mirrors 47 A and 47B are respectively reflected again
by reflection surfaces 436 and 43¢, and then are received by Z
interferometers 187, and 187,.

In the case the displacement of wafer stage WST (that is,
movable mirror 43) in the Y-axis direction is AYo and the
displacement (movement amount) in the Z-axis direction is
AZo, the optical path length variation AL1 of measurement
beam B1 and the optical path length variation AL2 of mea-
surement beam Bl received by Z interferometers 187, and
187, can respectively expressed as in equations (1) and (2)
below.

ALl=AYoxcos O-AZoxsin 0 (€8]

AL2~AYoxcos O-AZoxsin 0 2)

Accordingly, from equations (1) and (2), AZo and AYo can
be obtained by the following equations, (3) and (4).

AZo=(AL2-AL1)/2 sin © ©)

AYo=(AL2+AL1)/2 sin © @

The above displacements AZo and AYo are obtained by
each of the Z interferometers 187, and 18Z,. Therefore, the
displacements obtained by Z interferometer 187, will be
AZoR and AYoR, and the displacements obtained by Z inter-
ferometer 187, will be AZoL and AYoL, and in the case the
distance (spacing) of measurement beams B1 and B2 in the
X-axis direction is indicated as D (refer to FIG. 3), then the
displacement of movable mirror 43 (that is, wafer stage WST)
in the 6z direction (yawing amount) A6z and the displacement
of movable mirror 43 (that is, wafer stage WST) in the Oy
direction (rolling amount) A8y can be obtained from equa-
tions (5) and (6) below.

ABz=(AYoR-AYoL)/D )]

ABy=(AZoL-AZoR)/D (6

Accordingly, by using the above equations (1) to (6), main
controller 20 can compute the displacement of wafer stage
WST in four degrees of freedom, AZo, AYo, A8z, and A8y,
based on the measurement results of Z interferometers 43A
and 43B.

Further, as is described above, main controller 20 can
obtain displacement AY of wafer stage WST in the Y-axis
direction and displacement (pitching amount) AOx of wafer
stage WST in the 6x direction, based on the measurement
results of Y interferometer 18Y.

Incidentally, in FIG. 1, X interferometers 18X, and 18X,
and 7 interferometers 187, and 187, are representatively
shown as wafer interferometer system 18, and the fixed mir-
rors for measuring the position in the X-axis direction and the
fixed mirrors for measuring the position in the Y-axis direc-
tion are representatively shown as fixed mirror 57. Further,
alignment system ALG and the fixed mirror fixed to align-
ment system ALG are omitted in FIG. 1.

Inthe embodiment, wafer X interferometer 18X, and wafer
Y interferometer 18Y are used for calibration of the encoder
system used when performing scanning exposure of the
wafer, whereas wafer X interferometer 18X, and wafer Y
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interferometer 18Y are used for mark detection performed by
alignment system ALG. Further, besides measuring the Y
position of wafer stage WST, waferY interferometer 18Y can
also measure the rotational information in the 0x direction
(pitching). Inthe embodiment, as the reflection surfaces of the
measurement beams of X interferometers 18X, and 18X, and
Y interferometer 18Y of wafer interferometer system 18 pre-
viously described, movable mirrors 17X and 17Y fixed to
wafer stage WST were used, however, the embodiment is not
limited to this, and for example, the edge surface (side sur-
face) of wafer stage WST can be mirror polished so as to form
areflection surface (corresponding to the reflection surface of
movable mirrors 17X and 17Y).

The measurement values of waferY interferometer 18Y, X
interferometers 18X, and 18X, and Z interferometers 187,
and 187, are supplied to main controller 20.

Further, on wafer stage WST, a fiducial mark plate (not
shown) is fixed in a state where the surface is at the same
height as wafer W. On the surface of'this fiducial plate, at least
a pair of a first fiducial marks used for reticle alignment, a
second fiducial mark used for baseline measurement of align-
ment system ALG whose positional relation to the first fidu-
cial mark is known and the like are formed.

In exposure apparatus 100 of the embodiment, although it
is omitted in FIG. 1, a multiple point focal position detection
system by an oblique incident method consisting of an irra-
diation system 42a and a photodetection system 425 (refer to
FIG. 6) similar to the one disclosed in, for example, Kokai
(Japanese Patent Unexamined Application Publication) No.
6-283403 (the corresponding U.S. Pat. No. 5,448,332) or the
like is arranged.

Further, in exposure apparatus 100, in the vicinity of pro-
jection unit PU, an alignment system ALG is arranged (not
shown in FIG. 1). As this alignment system ALG, for
example, a sensor of an FIA (Field Image Alignment) system
by an image-processing method is used. This alignment sys-
tem ALG supplies positional information of marks using
index center as a reference to main controller 20. Based on the
information that has been supplied and the measurement val-
ues of interferometers 18Y and 18X, of wafer interferometer
system 18, main controller 20 measures the positional infor-
mation of the marks subject to detection, or to be more spe-
cific, measures the positional information of the second fidu-
cial marks on the fiducial mark plate or the alignment marks
on the wafer on a coordinate system (alignment coordinate
system), which is set by interferometers 18Y and 18X,.

Next, the configuration or the like of encoders 50A to 50D
will be described, focusing representatively on encoder 50C
shown enlarged in FIG. 5. In FIG. 5, heads 48a to 48% (FIG.
3) of head unit 46C, which irradiates a detection beam on
movement scale 44C, are indicated as a single head, as a head
48y.

Head 48y can be roughly divided into three sections, which
are; an irradiation system 64a, an optical system 645, and a
photodetection system 64c.

Irradiation system 64a includes a light source that emits
laser beam LB at an angle of 45 degrees with respect to the
Y-axis and the Z-axis, such as, for example, a semiconductor
laser LD, and a lens L1 placed on the optical path of laser
beam LB emitted from semiconductor laser LD.

Optical system 645 is equipped with parts such as a polar-
ization beam splitter PBS whose separating plane is parallel
to the XZ plane, a pair of reflection mirrors R1a and R15,
lenses [.2a and .25, quarter-wave plates (hereinafter referred
to as A/4 plates) WP1a and WP15, reflection mirrors R2a and
R2b, and the like.
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Photodetection system 64c¢ includes polarizers (analyzers),
photodetectors and the like.

In encoder 50C, laser beam LB emitted from semiconduc-
tor laser LD is incident on polarization beam splitter PBS via
lens L1, and is split by polarization into two beams, LB, and
LB,. Beam LB, that has transmitted polarization beam split-
ter PBS reaches a reflection diffraction grating RG formed on
movement scale 44C via reflection mirror R1a, whereas beam
LB, that has been reflected off polarization beam splitter PBS
reaches reflection diffraction grating RG via reflection mirror
R1b. “Split by polarization,” in this case, means that the
incident beam is separated into a P polarization component
and an S polarization component.

Diffraction beams of a predetermined order, for example,
first order diffraction beams, are generated from diffraction
grating RG by the irradiation of beams LB, and LB, and after
the beams are respectively converted to a circular polarized
light by A/4 plates WP1a and WP15 via lenses .26 and [ . 2a,
the beams are then reflected by reflection mirrors R2a and
R2a and pass through A/4 plates WP1a and WP15 again, and
reach polarization beam splitter PBS while passing through
the same optical path in a reversed direction.

The polarized directions of each of the two beams that have
reached polarization beam splitter PBS are rotated at an angle
0190 degrees with respect to the original direction. Therefore,
the first order diffraction beam of beam LB, that has trans-
mitted polarization beam splitter PBS earlier is reflected by
polarization beam splitter PBS and is incident on photodetec-
tion system 64c, and the first order diffraction beam of beam
LB, that has been reflected by polarization beam splitter PBS
earlier transmits polarization beam splitter PBS and is syn-
thesized concentrically with the first order diffraction beam of
beam [.B, and then is incident on photodetection system 64c.

Then, inside photodetection system 64c, the analyzers uni-
formly arrange the polarized directions of the two first order
diffraction beams above so that the beams interfere with each
other and become an interference light. The interference
beam is detected by the photodetectors, and is converted into
electric signals according to the intensity of the interference
light.

As is obvious from the description above, in encoder 50C,
since the optical path lengths of the two beams that are made
to interfere are extremely short and are substantially equal,
the influence of air fluctuation can mostly be ignored. Then,
when movement scale 44 (that is, wafer stage WST) moves in
the measurement direction (in this case, the Y-axis direction),
the phase of each of the two beams change and the intensity of
the interference light changes. This change in intensity of the
interference light is detected by photodetection system 64c,
and the positional information according to the intensity
change is output as the measurement values of encoder 50C.
The other encoders 50A, 50B, and 50D are also configured
similar to encoder 50C. Further, also for the nine encoders
26A, to 26C; for the reticle stage, an encoder by the diffrac-
tion interference method that has a configuration similar to
encoder 50C is used. And, as each encoder, an encoder that
has a resolution of, for example, approximately 0.1 nm is
used.

FIG. 6 shows a block diagram, which is partially omitted,
of'a control system related to stage control of exposure appa-
ratus 100 of the embodiment. The control system in FIG. 6 is
configured including a so-called microcomputer (or worksta-
tion) made up of a CPU (Central Processing Unit), ROM
(Read Only Memory), RAM (Random Access Memory), and
the like, and is mainly composed of main controller 20, which
serves as a control unit that controls the overall operation of
the entire apparatus.
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In exposure apparatus 100 that has the configuration
described above, when wafer alignment operation is per-
formed by the EGA (Enhanced Global Alignment) method or
the like disclosed in, for example, Kokai (Japanese Unexam-
ined Patent Application Publication) No. 61-44429 and the
corresponding U.S. Pat. No. 4,780,617 and the like, the posi-
tion of wafer stage WST is controlled by main controller 20
based on the measurement values of wafer interferometer
system 18 as is described above, and at the time besides wafer
alignment operation such as, for example, during exposure
operation, the position of wafer stage WST is controlled by
main controller 20 based on the measurement values of
encoders 50A to 50D. Incidentally, the position of wafer stage
WST can be controlled based on the measurement values of
encoders 50A to 50D also when wafer alignment operation is
performed. Further, in the case the position of wafer stage
WST is controlled based on the measurement values of
encoders 50A to 50D when wafer alignment operation is
performed, at least one of the measurement values of wafer
interferometer system 18 (e.g. positional information of the
Z-axis, the 0%, and the 8y direction) can also be used together.

Accordingly, in the embodiment, in the period after the
wafer alignment operation until before the beginning of expo-
sure, a switching operation of the position measurement sys-
tem has to be performed, in which the position measurement
system used for measuring the position of the wafer stage is
switched from wafer interferometer system 18 (that is, wafer
Y interferometer 18Y and wafer X interferometer 18X,) to
encoders S0A to 50D.

The switching operation of the position measurement sys-
tem will now be briefly described in the description below.

Atthe point when wafer alignment has been completed, the
position of wafer stage WST is controlled by main controller
20, based on the measurement values of interferometers 18Y,
18X,, 187, and 18Z, as is shown, for example, in FIG. 7.
Therefore, after wafer alignment has been completed, main
controller 20 drives wafer stage WST in the +Y direction via
wafer stage drive system 27, based on the measurement val-
ues of these interferometers 18Y, 18X, 187, and 187,.

Then, when wafer stage WST reaches a position where the
two measurement beams from interferometer 18X, and 18X,
irradiate X movable mirror 17X at the same time, as is shown
in FIG. 8, main controller 20 presets the measurement values
ofinterferometer 18X, to the same values as the measurement
values of interferometer 18X, after adjusting the attitude of
wafer stage WST so that the 6z rotation error (yawing error)
(and the 0x rotation error (pitching error)) becomes zero
based on the measurement values of interferometer 18Y. The
0z rotation error of wafer stage WST can also be adjusted,
based on the measurement values of Z interferometers 187,
and 187,.

Then, after the preset, main controller 20 suspends wafer
stage WST at the position for a predetermined time until the
short-term variation caused by air fluctuation (temperature
fluctuation of air) of interferometers 18X, and 18Y falls to a
level that can be ignored due to an averaging effect, and then
carries over an addition average value (average value during
the suspension time) of measurement values of interferom-
eter 18X, obtained during the suspension of wafer stage WST
as the measurement values of X linear encoders 50B and 50D.
Along with this operation, main controller 20 carries over
addition average values (average value during the suspension
time) of measurement values of the plurality of axes of inter-
ferometer 18Y obtained during the suspension as the mea-
surement values of Y linear encoders S0A and 50C. With this
operation, preset of X linear encoders 50B and 50D and Y
linear encoders 50A and 50C, that is, the switching operation
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of the position measurement system, is completed. Thus,
hereinafter, main controller 20 controls the position of wafer
stage WST based on the measurement values of encoder 50A
to 50D.

Scanning operation of reticle stage RST for exposure will
be described next, including the switching operation (linking
the measurement values) of the encoders in the encoder sys-
tem for the reticle stage.

For example, in the case of scanning exposure by the move-
ment of wafer W in the +Y direction and the movement of
reticle R1 in the -Y direction (to be referred to here as a plus
scan exposure focusing on the movement direction of wafer
W), acceleration of reticle stage RST in the -Y direction
begins from the acceleration starting position shown in FIG.
9. At this acceleration starting position, the position of reticle
stage RST is measured by main controller 20 using encoders
26A,, 26B,, and 26C,.

Then, at the point of acceleration finishing when the accel-
eration of reticle stage RST in the -Y direction has been
completed, as an example, the =Y edge of reticle R1 substan-
tially coincides with the +Y edge of illumination area IAR, as
is shown in FIG. 10. And, immediately before this, heads
26A,, 26B,, and 26C, move so that heads 26A, 26B,, and
26C, face movement scales 24A, 24B, and 28, respectively.
That is, it becomes possible to measure the position of reticle
stage RST not only with encoders 26 A, 26B,, and 26C,, but
also with 26A,, 26B, and 26C,.

Therefore, the measurement values of encoders 26A,,
26B,, and 26C, (count values whose predetermined origin is
zero (scale reading values)) at some point from the point
where the position of reticle stage RST becomes measurable
using encoders 26A,, 26B,, and 26C, until the point where
acceleration has been completed, is succeeded without any
changes by main controller 20 as measurement values of
26A,, 26B,, and 26C,. Hereinafter, main controller 20 uses
encoders 26A, 26B,, and 26C, to control the position of
reticle stage RST.

Then, from the point shown in FIG. 10, reticle stage RST
begins movement at a constant speed, and when the pattern
area of reticle R1 reaches illumination area IAR after a pre-
determined settling time has passed, exposure begins (refer to
FIG. 16). Furthermore, after a predetermined period of time
has passed, exposure is completed (refer to FIG. 17) and
deceleration of reticle stage RST begins, and reticle stage
RST stops at the position shown in FIG. 11. Incidentally, the
deceleration of reticle stage RST can begin almost at the same
time as the completion of exposure.

As isobvious from FIGS. 10 and 11, during the period from
before the beginning of exposure (that is, the point where the
switching of the encoders used for controlling the position of
reticle stage RST has been performed) through the scanning
exposure period until the deceleration has been completed,
the position of reticle stage RST is controlled by main con-
troller 20, based on the measurement values of encoders
26A,,26B,, and 26C, .

Meanwhile, in the case of scanning exposure by the move-
ment of wafer W in the -Y direction and the movement of
reticle R1 in the +Y direction (a minus scan exposure), oppo-
site to the plus scan exposure described above, acceleration of
reticle stage RST in the +Y direction begins from the state
shown in FIG. 11. Then, at the point shown in FIG. 10 where
exposure has been completed, the switching operation (link-
ing the measurement values) of the encoders is performed,
and during the deceleration period, the position of reticle
stage RST is controlled by main controller 20, based on the
measurement values of encoders 26A,, 26B,, and 26C,.
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In FIGS. 9,10, 11 and the like, the state is shown where the
position of reticle stage RST is measured using interferom-
eters 16x and 16y in addition to the encoders, however, it is a
matter of course that the position measurement of reticle
stage RST does not necessarily have to be performed with the
interferometers. The method of using the measurement
results of the encoders and interferometers 16x and 16y
obtained during scanning exposure in the embodiment will be
described, later in the description.

Although a detailed description will be omitted, in the plus
scan exposure and minus scan exposure that use reticle R2,
encoders 26A,, 26B,, and 26C, and encoders 26A;, 26B;,
and 26C; are used. The switching operation (linking the mea-
surement values) similar to the description above is per-
formed on these exposures as well, and at least during the
scanning exposure, the position of reticle stage RST is con-
trolled by main controller 20 based on the measurement val-
ues of encoders 26 A, 26B,, and 26C, . Further, as well as the
X, Y positions of reticle stage RST, main controller 20 also
controls the position of reticle stage RST in the 6z direction
(yawing), based on the measurement values of the encoder.

In exposure apparatus 100 of the embodiment, a series of
operations such as reticle alignment (includes making the
reticle coordinate system and the wafer coordinate system
correspond with each other), baseline alignment of alignment
system ALG and the like are performed, using reticle align-
ment systems 13A and 13B (FIG. 6), the fiducial mark plate
on wafer stage WST, alignment system ALG and the like, as
in a typical scanning stepper. The position control of reticle
stage RST and wafer stage WST during the series of opera-
tions is performed based on the measurement values of inter-
ferometers 16y and 16x, and interferometers 18X, 18X,
18Y, 187, and 18Z,. In the reticle alignment or the baseline
measurement, the position control of reticle stage RST and
wafer stage WST can be performed based on only the mea-
surement values of the encoders described earlier, or on the
measurement values of both the interferometers and the
encoders.

Next, wafer exchange of the wafer on wafer stage WST (in
the case no wafers are on wafer stage WST, wafer loading is
performed) is performed by main controller 20, using a wafer
loader (not shown) (carrier unit), and then, wafer alignment is
performed, for example, by the EGA method, using align-
ment system ALG. And according to this wafer alignment, the
arrangement coordinates of the plurality of shot areas on the
wafer on the alignment coordinate system previously
described can be obtained.

Then, main controller 20 performs the switching of the
position measurement system previously described, and then,
main controller 20 controls the position of wafer stage WST
based on the measurement values of the baseline and the
encoders 50A to 50D measured earlier, and in the procedure
similar to a typical scanning stepper, main controller 20 per-
forms exposure by the step and scan method, and the pattern
of the reticle (R1 or R2) is transferred onto each of the plu-
rality of shot areas on the wafer.

FIG. 12A shows a state in which wafer stage WST is
located at a position where the center of wafer W is positioned
directly below projection unit PU, and F1G. 12B shows a state
in which wafer stage WST is located at a position where the
area around the middle in between the center of wafer W and
its circumference is positioned directly below projection unit
PU. Further, FIG. 13A shows a state in which wafer stage
WST is located at a position where the area close to the edge
of wafer W on the +Y side is positioned directly below pro-
jection unit PU, and FIG. 135 shows a state in which wafer
stage WST is located at a position where the area close to the
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edge of wafer W in the direction at an angle of 45 degrees with
respect to the X-axis and the Y-axis when viewed from the
center of wafer W is positioned directly below projection unit
PU. Further, F1G. 14 shows a state in which wafer stage WST
is located at a position where the area close to the edge of
wafer W on the +X side is positioned directly below projec-
tion unit PU. When viewing FIGS. 12A to 14, it can be seen
that in each drawing, at least one (in the embodiment, one or
two) of the eleven heads in each of the head units 46 A to 46D
faces its corresponding movement scale. And, when totally
considering this fact, the symmetric arrangement of head
units 46 A to 46D vertically and horizontally with optical axis
AX ofprojection optical system PL serving as the center, and
the symmetric arrangement of movement scales 44 A to 44D
in the X-axis direction and Y-axis direction with respect to the
center of wafer stage WST, the following is obvious; that is, in
exposure apparatus 100, no matter at which position wafer
stage WST is located within the movement range of wafer
stage WST during scanning exposure, at least one of the
eleven heads in each of the head units 46 A to 46D faces its
corresponding movement scale, and the X position and the Y
position of wafer stage WST can be constantly measured
according to the four encoders 50A to 50D. Further, yawing
of wafer stage WST can also be measured.

In other words, the four movement scales 44 A to 44D are
each set longer than the size (diameter) of wafer W in the
longitudinal direction, so that the length in the longitudinal
direction (corresponding to the formation range of the dif-
fraction grating) covers the entire area of the movement
strokes of (movement range) of wafer stage WST when at
least performing scanning exposure on the entire surface of
wafer W (in the embodiment, the four head units 46 A to 46D
(measurement beams) do not move off the corresponding
movement scales (diffraction gratings) in all the shot areas at
least during scanning exposure, during the acceleration/de-
celeration time of wafer stage WST before and after the
scanning exposure, and during the synchronous settling time,
that is, avoid becoming unmeasurable).

Further, the four head units 46A to 46D are each similarly
set around the same level or longer than the movement strokes
in the longitudinal direction, so that the length in the longi-
tudinal direction (corresponding to the formation range of the
diffraction grating) covers the entire area of the movement
strokes of wafer stage WST when at least performing scan-
ning exposure on the entire surface of wafer W (that is, at least
during exposure operation of wafer W, the four head units
46A to 46D (measurement beams) do not move off the cor-
responding movement scales (diffraction gratings) at least
during scanning exposure, that is, avoid becoming unmeasur-
able). Incidentally, head units 46 A to 46D can be configured
so that they can measure the position of wafer stage WST
according to encoders 50A to 50D not only during the expo-
sure operation, but also during other operations such as the
alignment operation (including wafer alignment and baseline
measurement, which were previously described).

In the movement scale of the encoder, the fixed position of
the movement scale shifts due to the passage of use time, or
the pitch of the diffraction grating changes partially or
entirely due to thermal expansion and the like, which makes
the encoder lack in long-term stability. Therefore, the errors
included in the measurement values become larger due to the
passage of use time, and calibration becomes necessary. Inthe
description below, calibration operation of the encoders,
which is performed in exposure apparatus 100 of the embodi-
ment, will be described.

First of all, a first calibration operation for correcting gain
errors and linearity errors of the measurement values of the
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encoders configuring the encoder system for the reticle stage
will be described. Since the first calibration operation is per-
formed, for example, per each lot before beginning the expo-
sure of the first wafer, that is, performed at a relatively long
interval, it will also be referred to as a long-term calibration in
the description below.

More specifically, main controller 20 scans the range
where illumination area IAR passes (it actually is the range
where (the pattern areas of) reticles R1 and R2 move across
illumination area IAR) reticles R1 and R2 (their pattern areas)
at an extremely slow speed at a level in which the short-term
variation of the measurement values of the interferometers
can be ignored, while moving reticle stage RST in the Y-axis
direction. During this first calibration operation, illumination
area JAR is not necessarily illuminated with illumination
light 1L, however, in this case, in order to describe the move-
ment position of reticle stage RST in a clearly understandable
manner, the expressions such as “illumination area IAR
passes” and the like are used.

During the scanning above, main controller 20 takes in the
measurement values of reticle Y interferometer 16y, Y linear
encoders 26A | and 26B,, reticle X interferometer 16x, and X
linear encoders 26C, at a predetermined sampling interval,
and stores the measurement values in a memory (not shown),
and also makes a map as in FIG. 15 on the measurement
values of Y linear encoders 26A, and 26B, and measurement
values of reticle Y interferometer 16y, and on the measure-
ment values of reticle X interferometer 16x and the measure-
ment values of X linear encoders 26C,, respectively. The
reason for taking in the measurement values of the three
encoders 26A,, 268, and 26C, is due to taking into consid-
eration the point in which the position of reticle stage RST is
controlled using the three encoders 26A,, 26B,, and 26C, in
the range where illumination area IAR passes reticles R1 and
R2 (their pattern areas).

FIG. 15 is a line map that shows a curve C, which shows a
relation between the measurement values of an interferom-
eter and the measurement values of an encoder in the case the
horizontal axis is the measurement values of the interferom-
eter and the vertical axis is the measurement values of the
encoder, and the difference between this curve C and an ideal
line TL indicates the errors included in the measurement
values of the encoder. The line map in FIG. 15 can serve as a
correction map for correcting the measurement values of the
encoder without any changes. The reason for this is because,
for example, in FIG. 15, point P1 indicates that when the
measurement value of the encoder is el the measurement
value of the corresponding interferometer is i1, and since this
measurement value of the interferometer is a value which was
obtained when reticle stage RST was scanned at an extremely
slow speed as is previously described, it is safe to say that this
value naturally contains no long-term variation errors as well
as almost no short-term variation errors due to air fluctuation,
and that it is an accurate value in which errors can be ignored.

When the relation between the measurement values after
correction ofencoders 26 A |, 26B,, and 26C, whose measure-
ment values have been corrected according to the correction
map of FIG. 15 and the corresponding interferometers is
obtained, the relation coincides with ideal line TL in FIG. 15.
The correction map for correcting the measurement values of
encoder 26C, can naturally be made based on the measure-
ment values of encoder 26C, and reticle X interferometer 16x,
which are obtained while driving reticle stage RST in the
X-axis direction within a movable range.

Main controller 20 can also make correction maps for the
remaining encoders, using the measurement values of inter-
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ferometers 16x and 16y in a procedure similar to encoders
26A,, 26B,, and 26C, described above.

However, besides the long-term calibration operation
described above, in the case of also performing together a
short-term calibration operation which will be described
later, curve C of the correction map above can be separated
into alow order component, which is an offset component and
a gradient component, and a high order component that is a
component besides the low order component, and a correc-
tion map can be kept for both the low order component and the
high order component, or the low order component can fur-
ther be separated into the offset component and the gradient
component and a correction map can be kept for both the
offset component and the gradient component, along with the
correction map of the high order component. Or, a correction
map (correction information) on the high order component
which is expected to be immovable for a relatively long
period can be kept, and the correction information of the low
order component which is expected to change in a relatively
short period can be obtained by the short-term calibration
operation.

In the description above, in the calibration operation of
obtaining (deciding) the correction information of the mea-
surement values of at least encoders 26A, and 26B,, reticle
stage RST was moved in the scanning direction (the Y-axis
direction) in a range where the pattern areas of reticle R1 and
R2 move across illumination area IAR, however, the move-
ment range of reticle stage RST is not limited to this. For
example, the movement range can substantially be the entire
measurable range (corresponds to the formation range of the
diffraction grating of movement scales 24A and 245) of
encoders 26A, and 26B,, or the movement range during the
scanning exposure using one of the reticles R1 and R2. The
movement range during the scanning exposure can be a
movement range not only during the scanning exposure, but
can also include the movement range in at least a part of the
time of acceleration/deceleration before and after the scan-
ning exposure and the synchronous settling time. Further, the
movement range of reticle stage RST is not limited to the
movement range of reticle stage RST during scanning expo-
sure that uses reticles R1 and R2, and can include the move-
ment range during the measurement operation using the a
reference mark (not shown) arranged on reticle stage RST.
The reference mark can be at least one mark arranged on
reticle stage RST on the -Y side with respect to reticle R1
and/or on the +Y side with respect to reticle R2.

Next, a second calibration operation for calibrating a gain
error (a scaling error of an encoder measurement value to an
interferometer measurement value) in encoders 26A ,, 26B,,
and 26C, which is performed, for example, per each wafer
(during a so-called overhead time (the period after complet-
ing the exposure of a wafer until the beginning of exposure of
the next wafer)), will be described. Since the second calibra-
tion operation is performed for each wafer, that is, is per-
formed at a relatively short interval, this operation will also be
referred to as a short-term calibration in the description
below.

First of all, as is shown in FIG. 16, main controller 20 sets
the position of reticle stage RST in the scanning direction (the
Y-axis direction) to a first Y position (hereinafter also simply
referred to as a first position) so that the edge section on the
-Y side of the pattern area of reticle R1 (or R2) used in the
next exposure coincides with the edge section on the +Y side
of illumination area IAR. On this calibration operation as
well, illumination area TAR is not necessarily illuminated
with illumination light IL., however, in FIG. 16, illumination
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area [AR is indicated in order to make the position of reticle
stage RST easier to understand.

Then, main controller 20 continues the position setting
state at the first position above shown in FIG. 16 for a prede-
termined period of time, and while continuing this state,
obtains the measurement values of encoders 26A,, 268, and
26C, and interferometers 16x and 16y at a predetermined
sampling interval, and stores the measurement values in
memory (not shown).

Next, main controller 20 drives reticle stage RST in the -Y
direction, and as is shown in FIG. 17, sets the position of
reticle stage RST to a second Y position (hereinafter also
simply referred to as a second position) so that the edge
section on the +Y side of the pattern area of reticle R1 (or R2)
coincides with the edge section on the Y side of illumination
area IAR. Then, main controller 20 continues the position
setting state at the second position above shown in FIG. 17 for
a predetermined period of time, and while continuing this
state, obtains the measurement values of encoders 26A |,
26B,, and 26C, and interferometers 16x and 16y at a prede-
termined sampling interval, and stores the measurement val-
ues in memory (not shown).

Then, based on the measurement values (information)
stored in memory at each of the first and second positions
above, main controller 20 computes the averaging value (time
averaging value) of the measurement values at each of the first
and the second positions described above, for encoders 26A,,
26B,,and 26C, and interferometers 16xand 16y. Then, based
on the computed results, main controller 20 makes a map on
the measurement values of Y linear encoders 26 A, and 26B,
and the measurement values of reticle Y interferometer 16y,
and also on the measurement values of reticle X interferom-
eter 16x and X linear encoder 26C,, like the one shown in
FIG. 18. In the map in FIG. 18, point P2 and point P3 are
points that show the relation between the measurement values
of'the interferometers at each of the first and second positions
whose short-term variation due to air fluctuation or the like is
reduced by the averaging effect and the measurement values
of the corresponding encoders.

Next, main controller 20 computes a gradient component
(scaling) S, of a correction map used for correcting the mea-
surement values of the encoder using the measurement values
of the interferometer from the following equation.

S, =(e3-€2)/(i3-12)

Then, main controller 20 replaces the gradient component
of the correction map that has been computed with the gra-
dient component in the correction map of the low order com-
ponent. And based on the correction map of the low order
component that has been replaced and the high order compo-
nent kept as the correction map, main controller 20 makes a
new correction map for correcting the low order component
and the high order component.

In the description above, the position of reticle stage RST
was set to both the first position and the second position,
which are the positions on both edges of the range where
illumination area AR passes the pattern area of reticles R1
and R2, and a predetermined processing was performed so as
to compute the new correction information described above.
However, the computation is not limited to this, and the posi-
tion of reticle stage RST can be set besides the first position
and the second position, to three or more positions which
include at least one position between the first position and the
second position. And then, the processing similar to the
description above is performed, and a least squares approxi-
mation straight line of the three or more points that have been
obtained can be computed, and based on the approximation
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straight line, an offset component can also be computed in
addition to the gradient component of the correction map
(scaling error). In this case, a new correction map for correct-
ing the low order component and the high order component
can be made, based on the low order component of the cor-
rection map that has been computed (gradient component and
offset component) and the high order component kept as the
correction map. Further, the first and second positions to
which the position of reticle stage RST is set was made to
correspond to both edges of the movement range of reticle
stage RST so that the entire pattern area of the reticle moves
across illumination area IAR in the scanning direction. How-
ever, the present invention is not limited to this, and for
example, the position of reticle stage RST can be made to
correspond to the actual movement range (the movement
range including the time of acceleration/deceleration before
and after the scanning exposure and the synchronous settling
time) of reticle stage RST during scanning exposure using
one of the reticles R1 and R2. Furthermore, a part of the
movement range in the scanning direction set by the first and
second positions can be shifted from the movement range of
reticle stage RST for the entire pattern area of the reticle to
move across illumination area IAR, however, it is preferable
for the movement range set by the first and second positions
to include the movement range of reticle stage RST for the
entire pattern area of the reticle to move across illumination
area [AR. Further, the movement range of reticle stage RST
can include the movement range during measurement opera-
tion using the reference marks.

Next, a third calibration operation performed per wafer
(the so-called overhead time) for revising a gain error (a
scaling error and an offset of an encoder measurement value
to an interferometer measurement value) in encoders 26A |,
26B,, and 26C,, that is, the low order component of the
correction map described earlier, will be described. This third
calibration operation will also be referred to as a short-term
calibration below, due to the same reasons as before.

First of all, main controller 20 drives reticle stage RST in
the Y-axis direction within a predetermined range in which
illumination area IAR passes the pattern area of reticle R1 (or
R2) used in the next exposure. Reticle stage RST is driven at
a low speed, but at a level in which the throughput can be
maintained within an allowable range even if the throughput
of exposure apparatus 100 decreases due to performing the
third calibration operation. Then, during the drive, main con-
troller 20 obtains the positional information of reticle stage
RST at a predetermined sampling interval using interferom-
eters 16x and 16y and encoders 26A, 26B,, and 26C,, and
stores the measurement values in memory (not shown). Also
on this third calibration, illumination area IAR is not neces-
sarily illuminated with illumination light IL, however, for the
same reasons as before, the expressions such as “illumination
arealAR passes” and the like are used. Further, the movement
range of reticle stage RST is the same range as the range
described in the second calibration operation. However, in the
third calibration operation, position setting of reticle stage
RST does not have to be performed at both edges of the
movement range.

Then, main controller 20 makes a curve as in a curve C1
shown in FIG. 19 for each of the measurement values of Y
linear encoders 26A, and 26B, and the measurement values
of reticle Y interferometer 16y, and the measurement values
ofreticle X interferometer 16x and the measurement values of
X linear encoder 26C,, in a similar manner as in the previous
description. In FIG. 19, reference code EA indicates the pre-
determined range in which illumination area IAR passes the
pattern area of reticle R1 (or R2), that is, the exposure section.
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Next, main controller 20 obtains a least squares approxi-
mation straight line FL of curve C1, and then obtains an offset
drift OD and a scaling drift SD of approximation straight line
FL to ideal line TL. Then, using offset drift (offset error) and
scaling drift (gradient error) that have been obtained, the
correction map of the low order component kept in advance as
amapisrevised. Then, based on the correction map of the low
order component that has been corrected and the correction
map of the high order component kept in advance as a map,
main controller 20 makes a new correction map for correcting
the low order component and the high order component.

At least a part of the movement range of reticle stage RST
in the third calibration operation can be shifted from a prede-
termined range (corresponding to exposure section EA) for
the entire pattern area of the reticle to move across illumina-
tion area AR, however, it is preferable for the movement
range to include the predetermine range, and for example, the
movement range can be the actual moving range of reticle
stage RST during scanning exposure (the movement range
that includes the acceleration/deceleration and synchronous
settling period before and after the scanning exposure) using
one of reticles R1 and R2. Further, the movement range of
reticle stage RST can include the movement range during
measurement operation using the reference marks previously
described.

In exposure apparatus 100, main controller 20 performs the
long-term calibration operation and the short-term calibration
operation for encoders 50A to 50D used for controlling the
position of wafer stage WST during the exposure operation in
a similar method as in the first to third calibration previously
described. However, wafer stage WST moves within a two-
dimensional plane. In this case, main controller 20 drives
wafer stage WST on an orthogonal coordinate system set by
waferY interferometer 18Y and wafer X interferometer 18X,
and obtains a correction map based on errors of the measure-
ment values of X linear encoders 50B and 50D, as well as a
correction map based on errors of the measurement values of
y linear encoders 50A and 50C. In this case, the disposal
direction of the diffraction grating of movement scales 44A
and 44CY and the longitudinal direction of linear encoders
50A and 50C are both in the Y-axis direction, and the longi-
tudinal direction of head units 46A and 46C (the disposal
direction of the heads) is in the X-axis direction.

Next, the long-term calibration operation (the first calibra-
tion operation) of encoders 50A to 50 D performed in expo-
sure apparatus 100 of the embodiment, that is, an acquisition
operation of correction information of the grating pitch of the
movement scales and correction information of grating defor-
mation of wafer stage WST will be described, based on FIG.
20.

In FIG. 20, measurement beams B4, and B4, from Y inter-
ferometer 18Y are placed symmetrically to a straight line
(coincides with a straight line formed when the center of a
plurality of heads of head unit 46B and head unit 46D are
joined) parallel to the Y-axis that passes through the optical
axis of projection optical system PL., and the substantial mea-
surement axis of Y interferometer 18Y coincides with a
straight line parallel with the Y-axis that passes through the
optical axis of projection optical system PL. Therefore,
according to Y interferometer 18Y, the Y position of wafer
stage WST can be measured without Abbe errors. Similarly,
the measurement beam from X interferometer 18X, is placed
on a straight line (coincides with a straight line formed when
the center of a plurality of heads of head unit 46A and head
unit 46C are joined) parallel to the X-axis that passes through
the optical axis of projection optical system PL, and the
measurement axis of X interferometer 18X, coincides with a
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straight line parallel with the X-axis that passes through the
optical axis of projection optical system PL. Therefore,
according to X interferometer 18X, the X position of wafer
stage WST can be measured without Abbe errors.

Now, as an example, an acquisition operation of correction
information of deformation of the grating lines (grating line
warp) of the X scale and the correction information of the
grating pitch of the Y scale will be described. In order to
simplify the description, the reflection surface of movable
mirror 17X is to be an ideal plane.

First of all, main controller 20 drives wafer stage WST
based on the measurement values of Y interferometer 18Y, X
interferometer 18X, and Z interferometers 187, and 187,
and sets the position of wafer stage WST as is shown in FIG.
20 so that movement scales 44 A and 44C are placed directly
under the corresponding head units 46 A and 46C (at least one
head) and the edge on the +Y side of movement scales (dif-
fraction gratings) 44 A and 44C each coincide with the corre-
sponding head units 46 A and 46C.

Next, main controller 20 moves wafer stage WST inthe +Y
direction, for example, until the other end (the edge on the -Y
side) of movement scales 44A and 44C coincides with the
corresponding head units 46 A and 46C as is indicated by an
arrow F in FIG. 20 in a low speed at a level in which the
short-term variation of the measurement values of Y interfer-
ometer 18Y can be ignored and also with the measurement
values of X interferometer 18X, fixed at a predetermined
value, based on the measurement values of Y interferometer
18Y and Z interferometers 187, and 187, while maintaining
all of the pitching amount, rolling amount, and yawing
amount at zero. During this movement, main controller 20
takes in the measurement values of Y linear encoders S0A and
50C and the measurement values of Y interferometer 18Y
(measurement values according to measurement beams B4,
and B4,) at a predetermined sampling interval, and then
obtains the relation between the measurement values of Y
linear encoders S0A and 50C and the measurement values of
Y interferometer 18Y, based on the measurement values that
are taken in. More specifically, main controller 20 obtains the
grating pitch (the distance between adjacent grating lines) of
movement scales 44A and 44C, which are placed sequentially
facing head units 46 A and 46C along with the movement of
wafer stage WST and the correction information of the grat-
ing pitch. The correction information of the grating pitch can
be obtained, for example, in the case the horizontal axis
indicates the measurement values of the interferometer and
the vertical axis indicates the measurement values of the
encoders, as a correction map or the like that denotes a rela-
tion between the two using a curve. Since the measurement
values of Y interferometer 18 in this case are values which can
be obtained when wafer stage WST was scanned at an
extremely slow speed as is previously described, it is safe to
say that these values naturally contain no long-term variation
errors as well as almost no short-term variation errors due to
air fluctuation, and that it is an accurate value in which errors
can be ignored. In this case, wafer stage WST was driven in
the Y-axis direction covering a range in which both edges of
movement scales 44A and 44C move across the correspond-
ing head units 46 A and 46C. The movement range, however,
is not limited to this, and for example, wafer stage WST can
be driven in a range in the Y-axis direction in which wafer
stage WST is moved during exposure operation of a wafer.

Further, during the movement of wafer stage WST, by
statistically processing the measurement values (measure-
ment values of X linear encoders 50B and 50D) obtained from
the plurality of heads of head units 46B and 46D, which are
sequentially placed facing movement scales 44B and 44D



US 9,423,702 B2

35

along with the movement of wafer stage WST, such as for
example, by averaging (or weighted averaging), main con-
troller 20 also obtains correction information of the deforma-
tion (warp) of the grating lines that sequentially face the
plurality of heads. This is because in the case the reflection
surface of movable mirror 17X is an ideal plane, the same
variation pattern should repeatedly appear during the process
of'sending wafer stage WST in the +Y direction, therefore, if
the measurement data obtained by the plurality of heads is
averaged, the correction information of the deformation
(warp) of the grating lines of movement scales 44B and 44D
that sequentially face the plurality of heads can be accurately
obtained.

In the case the reflection surface of movable mirror 17X is
not an ideal plane, the unevenness (distortion) of the reflec-
tion surface is to be measured and correction data of the
distortion is to be obtained. Then, on the movement of wafer
stage WST in the +Y direction described above, instead of
fixing the measurement value of X interferometer 18X, to a
predetermined value, by controlling the X position of wafer
stage WST based on the correction data, wafer stage WST can
be accurately moved in the Y-axis direction. When this opera-
tion is applied, the correction information of the grating pitch
of movement scales 44A and 44C and the correction infor-
mation of the deformation (warp) of the grating lines of
movement scales 44B and 44D can be accurately obtained in
completely the same manner as in the above description. The
measurement data obtained using the plurality of heads of
head units 46B and 46D is a plurality of data at different
regions of reference on the reflection surface of movable
mirror 17X, and the heads each measure the deformation
(warp) ofthe same grating line. Therefore, by the averaging or
the like described above, an incidental effect occurs in which
the distortion correction residual of the reflection surface is
averaged so that it becomes closer to a true value (in other
words, by averaging the measurement data (warp information
of the grating line) obtained by a plurality of heads, the
influence of the distortion residual can be reduced).

Since only the disposal direction of the diffraction grating,
the longitudinal direction of movement scales 44B and 44D,
and the longitudinal direction ofhead units 46B and 46D (the
disposal direction of the heads) in X linear encoders 50B and
50D are opposite in the X-axis and Y-axis direction to the Y
linear encoders 50A and 50C, details on the acquisition
operation (the first calibration operation) of the correction
information of the deformation (warp) of the grating lines of
theY scale and the correction information of the grating pitch
of movement scales 50B and 50D will be omitted because the
processing that needs to be performed is the correction
described above with the X-axis direction and Y-axis direc-
tion interchanged.

As in the description above, main controller 20 obtains the
correction information of the grating pitch of movement
scales 44A and 44C, the correction information of the defor-
mation (warp) of the grating lines of movement scales 44B
and 44D, the correction information of the grating pitch of
movement scales 44B and 44D and the correction informa-
tion of the deformation (warp) of the grating lines of move-
ment scales 44 A and 44C, per a predetermined timing, such as
for example, for each lot.

Then, during the exposure processing or the like of the
wafer in the lot, main controller 20 performs position control
of wafer stage WST in the Y-axis direction while correcting
the measurement values (that is, the measurement values of
encoders 50A and 50C) obtained from head units 46 A and
46C based on the correction information of the grating pitch
and the correction information of the deformation (warp) of
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the grating lines of movement scales 44A and 44C. Accord-
ingly, it becomes possible for main controller 20 to perform
position control of wafer stage WST in the Y-axis direction
with good accuracy using linear encoders 50A and 50C, with-
out being affected by the influence of the temporal change of
the grating pitch and the grating line warp of movement scales
44A and 44C.

Further, during the exposure processing or the like of the
wafer in the lot, main controller 20 performs position control
of wafer stage WST in the X-axis direction while correcting
the measurement values (that is, the measurement values of
encoders 50B and 50D) obtained from head units 468B and
46D based on the correction information of the grating pitch
and the correction information of the deformation (warp) of
the grating lines of movement scales 44B and 44D. Accord-
ingly, it becomes possible for main controller 20 to perform
position control of wafer stage WST in the X-axis direction
with good accuracy using linear encoders 50B and 50D, with-
out being affected by the influence of the temporal change of
the grating pitch and the grating line warp of movement scales
44B and 44D.

In the description above, the correction information of the
grating pitch and the deformation (warp) of the grating lines
were obtained for each of the movement scales 44A to 44D,
however, the present invention is not limited to this, and the
correction information of the grating pitch and the deforma-
tion (warp) of the grating lines can be obtained for only one of
movement scales 44A and 44C and movement scales 44B and
44D, or the correction information of only one of the grating
pitch and the deformation (warp) of the grating lines can be
obtained for both movement scales 44A and 44C and move-
ment scales 44B and 44D.

Although a detailed description will be omitted, the short-
term calibration operation (the second and third calibration
operations) of encoders 50A to 50D used for controlling the
position of wafer stage WST during the exposure operation is
to be performed according to the long-term calibration opera-
tion (the first calibration operation) described above.

Then, on the exposure operation by the step-and-scan
method, main controller 20 performs position control of
reticle stage RST based on the measurement values of encod-
ers 26A,, 26B,, and 26C, and their correction maps, as well
as the position control of wafer stage WST based on the
measurement values of encoders 50A to SOD and their cor-
rection maps.

Further, in exposure apparatus 100 of the embodiment,
reticle R1 and reticle R2 can be simultaneously mounted on
reticle stage RST. Therefore, by having completed reticle
alignment of reticle R1 and reticle R2, main controller 20 can
perform double exposure, for example, using reticle R1 and
reticle R2, by simply moving reticle stage RST based on the
measurement values of encoders 26A |, 268, and 26C, with-
out performing the reticle exchange operation to reticle stage
RST.

The encoders used in the embodiment is not limited to the
encoder by the diffraction interference method and encoders
of various types of methods can be used, such as an encoder
by the so-called pick up method, or for example, a so-called
scan encoder whose details are disclosed in, for example, U.S.
Pat. No. 6,639,686 or the like.

As is described in detail above, according to exposure
apparatus 100 related to the embodiment, main controller 20
performs calibration operation of, for example, encoders
26A,, 26B,, and 26C,. More specifically, correction infor-
mation for correcting measurement values of encoders 26A,
26B,, and 26C, and the like whose short-term stability of the
measurement values is superior to interferometers 16y and
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16x are acquired, using the measurement values of interfer-
ometers 16y and 16x whose linearity and long-term stability
of the measurement values are superior to encoders 26A,,
26B,, and 26C,. Then, main controller 20 drives reticle stage
RST during scanning exposure or the like, based on the mea-
surement values and the correction information of encoders
26A,, 26B,, and 26C, .

Accordingly, reticle stage RST can be driven with good
precision, based on the positional information of reticle stage
RST whose linearity and long-term stability is good in addi-
tion to the measurement values of encoders 26A,, 26B,, and
26C, that have been corrected using the correction informa-
tion, that is, the short-term stability.

Further, according to exposure apparatus 100, by the long-
term calibration previously described, correction information
for correcting measurement values of encoders 26A, and
26B, whose short-term stability of the measurement values is
superior to interferometer 16y is acquired, using the measure-
ment values of interferometer 16y whose linearity and long-
term stability of the measurement values are superior to
encoders 26A | and 26B, . Then, during pattern transfer or the
like, main controller 20 controls the movement of reticle stage
RST based on the measurement values of encoders 26 A, and
26B, and the correction information. Accordingly, it becomes
possible to control the movement of reticle stage RST with
good precision, based on the positional information of reticle
stage RST in the scanning direction whose linearity and long-
term stability is good in addition to the measurement values of
encoders 26A, and 26B, that have been corrected using the
correction information, that is, the short-term stability.

Further, according to exposure apparatus 100, by one of the
short-term calibrations previously described, correction
information for correcting a low order component (scaling
error, or a scaling error and a scaling offset) of a map infor-
mation that denotes a relation between the measurement val-
ues of interferometer 16y whose linearity and long-term sta-
bility of the measurement values are superior to encoders
26A, and 26B, and the measurement values of encoders 26 A
and 26B, whose short-term stability of the measurement val-
ues is superior to interferometer 16y is acquired. Then, during
pattern transfer or the like, main controller 20 controls the
movement of reticle stage RST, based on the measurement
values of encoders 26A, and 26B, and the map information
whose low order component has been corrected using the
correction information obtained above.

Further, according to exposure apparatus 100, main con-
troller 20 performs calibration operation of, for example,
encoders 50A to 50D in the manner similar to the calibration
operation of encoders 26 A, and 26B, described above. More
specifically, correction information for correcting measure-
ment values of encoders 50A to S0D whose short-term sta-
bility of the measurement values is superior to interferom-
eters 18Y and 18X are acquired, using the measurement
values of interferometers 18Y and 18X whose linearity and
long-term stability of the measurement values are superior to
encoders 50A to 50D. Then, main controller 20 drives wafer
stage WST during scanning exposure, during the stepping
movement in between shot areas, and the like, based on the
measurement values and the correction information of encod-
ers S0A to 50D.

Accordingly, wafer stage WST can be driven with good
precision in both the X-axis and the Y-axis directions, based
on the positional information of wafer stage WST in the
X-axis and the Y-axis directions whose linearity and long-
term stability is good in addition to the measurement values of
encoders 50A to 50D that have been corrected using the
correction information, that is, the short-term stability.
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Accordingly, with exposure apparatus 100 of the embodi-
ment, on scanning exposure of each shot area on the wafer,
main controller 20 can drive reticle R1 or R2 (reticle stage
RST) and wafer W (wafer stage WST) in the scanning direc-
tion (Y-axis direction) with good accuracy based on the mea-
surement values of encoders 26A,, 26B,, and 26C, and
encoders 50A to 50D, as well as perform position setting of
reticle R1 or R2 (reticle stage RST) and wafer W (wafer stage
WST) in the non-scanning direction (X-axis direction) with
high precision. Accordingly, it becomes possible to form the
pattern of reticle R1 (or R2) on the plurality of shot areas on
wafer W with good accuracy.

In exposure apparatus 100 of the embodiment, main con-
troller 20 revised the correction information of the measure-
ment values of the encoders based on the measurement values
of'the encoders and the interferometers, which were obtained
by moving reticle stage RST separately from the exposure
operation. However, for example, the correction information
can be revised, using the measurement values of the encoders
and the interferometers, which are obtained during the move-
ment of reticle stage RST during the exposure operation.
More specifically, when performing the exposure operation
by the step-and-scan method in which the pattern of reticle R1
(or R2) is sequentially transferred on the plurality of shot
areas on wafer W, the position of reticle stage RST can be
controlled based on the measurement values of the encoders
and the correction information, for example, during the scan-
ning exposure of each shot area. And, in parallel with the
control (exposure operation of the wafer), the measurement
values of the interferometers and the encoders can be accu-
mulated. Then, based on the accumulated measurement val-
ues, sequential calibration of measurement errors of the
encoders in which the correction information (for example, a
map information that denotes a relation between measure-
ment values of the interferometers and the measurement val-
ues of the encoders as is shown in FIG. 21) is calibrated in
prior to exposing the next wafer can be performed.

In FIG. 21, reference numeral C2 indicates the average
value of the accumulated data, and this data of the average
value is an averaging of the short-term variation (variation in
measurement values due to air fluctuation or the like) of the
measurement values of the interferometer. In this case, the
data during scanning exposure does not have to be accumu-
lated for all the shot areas, and the data during scanning
exposure can merely be accumulated for the number of shot
areas enough to perform the averaging of the short-term varia-
tion of the measurement values of the interferometer. In FIG.
21, reference code EA indicates an exposure section as in
FIG. 19.

In this case as well, when performing exposure operation
of'the next wafer by the step-and-scan method, the movement
of reticle stage RST during scanning exposure of each shot
area can be controlled with good precision, based on the
measurement values of the encoders corrected using the cor-
rection information (for example, the map information in
FIG. 21), that is, on the positional information of the reticle
stage whose linearity and long-term stability is good in addi-
tion to the short-term stability. Accordingly, it becomes pos-
sible to transfer the pattern formed on reticle R1 (or R2) by
scanning exposure on the plurality of shot areas on the wafer
with good accuracy. The calibration can be performed not
only on the Y linear encoders but also on the X linear encod-
ers, orthe calibration can further be preformed on the encoder
system (encoders 50A to 50D) of the wafer stage.

In exposure apparatus 100 in the embodiment above, cor-
rection information of the grating pitch of the movement
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scales and correction information of grating deformation can
be obtained by a method related to a modified example, which
will be described below.

An acquisition operation of correction information of the
grating pitch of movement scales 44A and 44C and correction
information of deformation (warp of the grating lines) of the
grating lines of movement scales 44B and 44D will now be
described. Further, in order to make the description simple,
the reflection surface of movable mirror 17X is to be an ideal
plane.

First of all, main controller 20 moves wafer stage WST, for
example, in the +Y direction indicated by an arrow F in FIG.
22 in the stroke range previously described, while maintain-
ing all of the pitching amount, the rolling amount, and the
yawing amount to zero, based on the measurement values of
Y interferometer 18Y, and Z interferometers 187, and 187,
while fixing the measurement values of X interferometer
18X, to a predetermined value. During this movement, main
controller 20 takes in the measurement values of encoders
50A and 50C and the measurement values of Y interferometer
Y18 (the measurement values according to measurement
beams B4, and B4,) into an internal memory at a predeter-
mined sampling interval. In this case, the measurement values
of encoder 50C is obtained from head 48% of head unit 46C,
which is indicated enclosed in a circle in FIG. 22, located at a
position a distance a away in the +X direction from a straight
line LV parallel to the Y-axis that passes through the optical
axis of projection optical system PL, facing movement scale
44C. Further, the measurement values of encoder 50A is
obtained from head 48¢ of head unit 46 A, which is indicated
enclosed in a circle in FIG. 22, located at a position a distance
b away in the -X direction from straight line LV, facing
movement scale 44A.

Next, after main controller 20 moves water stage WST in
the +X direction by a predetermined distance based on the
measurement values of X interferometer 18X, main control-
ler 20 moves wafer stage WST in the -Y direction indicated
by an arrow F'in FIG. 22 by a predetermined distance based
on the measurement values of Y interferometer 18Y, and then
makes wafer stage WST stop at this position.

Then, main controller 20 moves wafer stage WST, for
example, in the +Y direction indicated by an arrow F in FIG.
23 in the stroke range previously described, while maintain-
ing all of the pitching amount, the rolling amount, and the
yawing amount close to zero as much as possible, based on
the measurement values of Y interferometer 18Y, and Z inter-
ferometers 187, and 187, while fixing the measurement val-
ues of X interferometer 18X, to a predetermined value. Dur-
ing this movement, main controller 20 takes in the
measurement values of encoders 50A and 50C and the mea-
surement values of Y interferometer Y18 (the measurement
values according to measurement beams B4, and B4,) into an
internal memory at a predetermined sampling interval. In this
case, the measurement values of encoder 50C is obtained
from head 48e¢ of head unit 46C, which is indicated enclosed
in a circle in FIG. 23, located at a position a distance b away
in the +X direction from straight line LV, facing movement
scale 44C. Further, the measurement values of encoder 50A is
obtained from head 48% of head unit 46 A, which is indicated
enclosed in a circle in FIG. 23, located at a position a distance
a away in the -X direction from straight line LV, facing
movement scale 44A.

However, since the position of each head on the XY coor-
dinate system is known, by forming a simultaneous equation
using the sampling values obtained in the two operations
above and solving the simultaneous equation, the correction
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information (e.g. a correction map) of the grating pitch of
movement scales 44C and 44A can be respectively obtained
independently.

In the case the reflection surface of movable mirror 17X is
not an ideal plane, the unevenness (distortion) of the reflec-
tion surface is to be measured and correction data of the
distortion is to be obtained. Then, on the movement of wafer
stage WST in the +Y direction shown in FIGS. 22 and 23
described above, instead of fixing the measurement value of
X interferometer 18X, to a predetermined value, by control-
ling the X position of wafer stage WST based on the correc-
tion data, wafer stage WST can be accurately moved in the
Y-axis direction.

After the correction information (e.g. a correction map) of
the grating pitch of each ofthe movement scales 44C and 44 A
has been obtained in the manner described above, main con-
troller 20 then moves wafer stage WST in the +Y direction as
is shown, for example, in FIG. 24, in a procedure similar to the
case in FIG. 22 or the like described above. This case is
different, however, from when the correction information of
the grating pitch of movement scales 44C and 44A was
obtained, and head 48g of head unit 46B and head 48i ofhead
unit 46D that are indicated enclosed in a circle in FIG. 24
facing movement scales 44B and 44D, are located away from
the measurement axis of X interferometer 18X, . Therefore,
an apparent yawing amount of wafer stage WST measured by
the interferometer due to air fluctuation affects the measure-
ment values of encoders 50B and 50D (head 48g of head unit
468 and head 48i of head unit 46D), and is included in the
measurement values as an error (hereinafter referred to
shortly as a “yawing-induced error). However, in this case,
the apparent yawing amount of wafer stage WST measured
by the interferometer due to the air fluctuation described
above can be measured, using encoders 50A and 50C (head
48h ofhead unit 46 A and head 48/ of head unit 46C enclosed
in a circle in FIG. 24, facing movement scales 44 A and 44C).
More specifically, while correcting the measurement values
of'encoders 50A and 50C using the correction information of
the grating pitch of movement scales 44C and 44A that has
been obtained earlier, main controller 20 can obtain the appar-
ent yawing amount of wafer stage WST described above,
based on the measurement values that have been corrected.
Then, main controller 20 can correct the yawing-induced
error described above, using the apparent yawing amount that
has been obtained.

Main controller 20 moves wafer stage WST in the +Y
direction, and during this movement, takes in the measure-
ment values obtained from a plurality of heads of head units
468 and 46D, which are sequentially placed facing move-
ment scales 44B and 44D, into an internal memory at a
predetermined sampling interval while correcting the yaw-
ing-induced error in the manner described above. Then, for
the same reasons described earlier, main controller 20 per-
forms statistical processing on the measurement values taken
in the internal memory, such as for example, averaging (or
weighted averaging) so that the correction information of the
deformation (warp) of the grating lines of movement scales
44B and 44D can also be obtained.

Further, also in the case of obtaining the correction infor-
mation (e.g. correction map) of the grating pitch of movement
scales 44 A and 44C and/or the correction information of the
deformation (warp) of the grating lines of movement scales
44B and 44D by driving wafer stage WST in the -Y direction
indicated by arrow F' in FIGS. 22, 23, and 24 taking into
consideration the reciprocal difference, the processing simi-
lar to the description above should be performed.
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Meanwhile, on obtaining the correction information of the
deformation (warp) of the grating lines of movement scales
44A and 44C and the correction information of the grating
pitch of movement scales 44B and 44D, main controller 20
performs the same processing described above with the
X-axis direction and the Y-axis direction interchanged.
Details on this will be omitted.

Since each scale (diffraction grating) has a width, on
obtaining the correction information, the correction informa-
tion of the grating pitch can be obtained, for example, by
obtaining the correction information above along three lines
in the width direction, on the right, left, and in the center, and
as for the correction information of the grating line warp, a
grating line can be representatively chosen so as to measure
the warp. This is preferable, from the viewpoint of accuracy
and workability.

According to the method related to the modified example
described above, when obtaining the correction information
of the grating pitch and/or the correction information of the
deformation of the grating lines (warp of the grating lines),
wafer stage WST does not necessarily have to be moved at an
extremely low speed. Therefore, it becomes possible to per-
form the acquisition operation of such correction information
described above in a short time.

Next, a modified example of an encoder system for the
wafer stage will be described, referring to FIGS. 25 and 26. In
FIGS. 25 and 26, the only point different from FIG. 3 is the
configuration ofthe encoder system, therefore, in the descrip-
tion below, for parts that have the same or similar arrange-
ment as in FIG. 3, the same reference numerals will be used,
and the description thereabout will be omitted.

As is shown in FIG. 25, on the upper surface of wafer stage
WST, two movement scales 52A and 52B whose longitudinal
direction are orthogonal to each other and the longitudinal
direction is the Y-axis direction and the X-axis direction,
respectively, are fixed in an L-shape. On the surface of the two
movement scales 52A and 52B, a reflection type diffraction
grating that has a period direction orthogonal to the longitu-
dinal direction is formed.

Further, head unit 46 A and a pair of head units 46B, and
468, are each placed crossing the corresponding movement
scales 52A and 52B, and are fixed to barrel platform 38 in a
suspended state via a support member (not shown). Head unit
46A is placed on an axis (center axis) parallel to the X-axis
that passes through optical axis AX of projection optical
system PL with the longitudinal direction (the disposal direc-
tion of the heads) being the X-axis direction (the period
direction of the diffraction grating), which is orthogonal to
the longitudinal direction of movement scale 52 A (the Y-axis
direction), and constitutes an X linear encoder 56A that mea-
sures the positional information of wafer stage WST in the
X-axis direction, together with movement scale 52A. The pair
of head units 468, and 46B, are placed in an arrangement
symmetric to an axis (center axis) parallel to the Y-axis that
passes through optical axis AX of projection optical system
PL, with the longitudinal direction (the disposal direction of
the heads) being the Y-axis direction (the period direction of
the diffraction grating), which is orthogonal to the longitudi-
nal direction of movement scale 52B (the X-axis direction),
and constitutes a Y linear encoder 56B that measures the
positional information of wafer stage WST in the Y-axis
direction at two points, together with movement scale 52B.

Furthermore, the measurement values of the two linear
encoders 56 A and 56B are supplied to main controller 20, and
based on the positional information in the X-axis and the
Y-axis directions and the rotational information in the 0z
direction, main controller 20 performs position control of
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wafer stage WST via wafer stage drive section 27. Accord-
ingly, wafer stage WST can be driven two-dimensionally with
high precision, in exactly the same manner as in the embodi-
ment above.

FIG. 26 is a view that shows a different modified example
of'an encoder system for the wafer stage, and the only point
different from FIG. 25 besides the point that a set of linear
encoders 56A and 56B was arranged is the point that another
set of linear encoders 56C and 56D is arranged. As is shown
in FIG. 26, on the upper surface of wafer stage WST, two
movement scales 52C and 52D whose longitudinal direction
are orthogonal to each other and the longitudinal direction is
the Y-axis direction and the X-axis direction, respectively, are
fixed in an L-shape. On the surface of the two movement
scales 52C and 52D, a reflection type diffraction grating that
has a period direction orthogonal to the longitudinal direction
is formed, and movement scales 52C and 52D are placed in an
arrangement symmetric to movement scales 52A and 52B, in
relation to the center of wafer stage WST.

Further, head unit 46C and a pair of head units 46D, and
46D, are each placed crossing the corresponding movement
scales 52C and 52D, and are fixed to barrel platform 38 in a
suspended state via a support member (not shown). Head unit
46C is placed symmetric to head unit 46 A described earlier, in
relation to optical axis AX of projection optical system PL
(that is, arranged on the axis (center axis) parallel to the
X-axis that passes through optical axis AX previously
described), with the longitudinal direction (the disposal
direction of the heads) being the X-axis direction (the period
direction of the diffraction grating), which is orthogonal to
the longitudinal direction of movement scale 52C (the Y-axis
direction), and constitutes an X linear encoder 56C that mea-
sures the positional information of wafer stage WST in the
X-axis direction, together with movement scale 52C. The pair
of head units 46D, and 46D, are placed in an arrangement
symmetric to head units 46B, and 46B, described earlier, in
relation to optical axis AX of projection optical system PL
(that is, arranged symmetric in relation to an axis (center axis)
parallel to the Y-axis that passes through optical axis AX),
with the longitudinal direction (the disposal direction of the
heads) being the Y-axis direction (the period direction of the
diffraction grating), which is orthogonal to the longitudinal
direction of movement scale 52D (the X-axis direction), and
constitutes a Y linear encoder 56D that measures the posi-
tional information of wafer stage WST in the Y-axis direction
at two points, together with movement scale 52D.

Furthermore, the measurement values of the four linear
encoders 56A to 56D are supplied to main controller 20, and
based on the positional information in the X-axis and the
Y-axis directions and the rotational information in the 0z
direction, main controller 20 performs position control of
wafer stage WST via wafer stage drive section 27. Accord-
ingly, wafer stage WST can be driven two-dimensionally with
high precision, in exactly the same manner as in the embodi-
ment above. Since the encoder system in FIG. 26 has four
linear encoders 56A to 56D, positional information of wafer
stage WST (positional information in the X-axis and the
Y-axis direction and the rotational information in the 0z direc-
tion) can be constantly obtained from at least three encoders
of the four linear encoders 56A to 56D regardless of the
position of wafer stage WST during wafer exposure opera-
tion, even if the head units are not placed close to projection
optical system P, when compared with the encoder system in
FIG. 25. Further, in the encoder system in FIG. 26, Y linear
encoders 56B and 56D each had two head units, however, the
number of heads is not limited to this, and for example, the
linear encoders can merely have a single head unit.
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Wafer X interferometer 18X, referred to earlier has at least
one measurement axis that includes a measurement axis (cor-
responding to the solid line in the drawings), which coincides
with an axis (center axis) parallel to the X-axis that passes
through optical axis AX of projection optical system PL. And,
in the encoder system shown in FIGS. 26 and 26, X linear
encoder 56A (and 56C) is placed so that the center axis (the
measurement axis in the X measurement of wafer interferom-
eter 18X ,) coincides with the measurement axis (the disposal
direction of the heads) of head unit 46A (and 46C). Further,
wafer Y interferometer 18Y referred to earlier has a plurality
of measurement axes that include two measurement axes
(corresponding to beams B4, and B4, shown by solid lines in
FIGS. 25 and 26) arranged symmetric in relation to an axis
(center axis) parallel to the Y-axis that passes through optical
axis AX of projection optical system PL and the detection
center of alignment system ALG. And, Y linear encoder 565
(and 56D) is placed so that the measurement axes (the dis-
posal direction of the heads) ofhead units 463, and 46B, (and
46D, and 46D,) respectively correspond to the two measure-
ment axes. Accordingly, difference in measurement values
become difficult to occur in the case the measurement axis of
the linear encoder and the measurement axis of the wafer
interferometer coincide with each other as is previously
described, and it becomes possible to perform the calibration
operation described earlier with good precision. In the modi-
fied example, the measurement axis of the linear encoder and
the measurement axis of the wafer interferometer coincide
with each other, however, the present invention is not limited
to this, and both axes can be placed shifted within the XY
plane. Further, the same can be said for the embodiment
above (FIG. 3).

In the encoder system shown in FIGS. 25 and 26, the two or
four movement scales (52A to 52D) are made of the same
material (such as, for example, ceramics or low thermal
expansion glass), and regarding the respective longitudinal
directions, the length (corresponding to the width of the dif-
fraction grating) is set longer than the size (diameter) of wafer
W so that the length covers at least the entire area of the
movement strokes (movement range) of wafer stage WST
during exposure operation of water W (in other words, during
scanning exposure of all the shot areas, each head unit (mea-
surement beam) does not move off the corresponding move-
ment scale (diffraction grating), that is, an unmeasurable state
is avoided). Further, in the encoder system shown in FIGS. 25
and 26, the three or six head units (46A to 46D,) can each be,
for example, a single head, or a unit having a plurality of
heads that are almost seamlessly arranged, however, in the
encoder system shown in FIGS. 25 and 26, in both cases the
encoders have a plurality of heads that are placed at a prede-
termined distance along the longitudinal direction. Further-
more, in each head unit, the plurality of heads are placed at a
distance so that adjacent two heads of the plurality ofheads do
not go astray from the corresponding movement scale (dif-
fraction grating), or in other words, at a distance around the
same or smaller than the formation range of the diffraction
gratings in the direction orthogonal to the longitudinal direc-
tion (disposal direction of the diffraction gratings) of the
movement scale. Further, the length (corresponding to the
detection range of the diffraction gratings) of the three or six
head units (46 A to 46D,) in the longitudinal direction is set to
the same level or larger than the movement strokes of wafer
stage WST so that the length covers at least the entire area of
the movement strokes (movement range) of wafer stage WST
during exposure operation of water W (in other words, during
scanning exposure of all the shot areas, each head unit (mea-
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surement beam) does not move off the corresponding move-
ment scale (diffraction grating), that is, an unmeasurable state
is avoided).

Further, in the exposure apparatus equipped with the
encoder system shown in FIGS. 25 and 26, calibration opera-
tion (the first to third calibration operation previously
described) for deciding the correction information of the
measurement values of each encoder is performed exactly the
same as in exposure apparatus 100 (including the encoder
system shown in FIG. 3) in the embodiment above. In this
case, for instance, in each encoder, the position of the move-
ment scale in the longitudinal direction is set so that one end
of'the movement scale coincides with the corresponding head
unit, and then the movement scale is moved in the disposal
direction of the diffraction grating (the direction orthogonal
to the longitudinal direction) by a distance around the same
level, or more than the width of the movement scale. Further-
more, after the movement scale is moved in the longitudinal
direction by a distance around the same level as the magni-
tude of the measurement beam in one head of the head units,
the movement scale is moved similarly in the disposal direc-
tion of the diffraction grating, by a distance around the same
level, or more than the width of the movement scale. Herein-
after, the operation described above is repeatedly performed
until the other end of the movement scale coincides with the
head unit. Then, based on the measurement values of the
encoder obtained by this drive and the measurement values of
the wafer interferometer that has the same measurement
direction as the encoder, the correction information of the
encoder can be decided. In this case, wafer stage WST was
driven so as to cover the range in the longitudinal direction
where both ends of the movement scale coincides with the
corresponding head unit, however, the present invention is not
limited to this, and wafer stage WST can be driven, for
example, in the range in the longitudinal direction where
wafer stage WST is moved during exposure operation of the
wafer.

In the embodiment and the modified examples described
above, position control of reticle stage RST and wafer stage
WST was performed using only the encoder system (FIGS. 2,
3,25, and 26) previously described during exposure operation
of the wafer. However, even if the calibration operation pre-
viously described (especially the short-term calibration
operation) is performed, there may be a case when at least a
part of the positional information in the X-axis and Y-axis
directions and the rotational information in the 0z direction
necessary for the position control referred to above cannot be
obtained during the exposure operation since problems such
as the position becoming unmeasurable, the measurement
accuracy exceeding an allowable range and the like occur for
some reason (such as foreign substances adhering on the
movement scale, positional shift of the movement scale, tilt of
the head unit or loss of telecentricity in the head unit, dis-
placement of the movement scale in the Z-axis direction (the
direction orthogonal to the surface) exceeding an allowable
range and the like). Since the encoder system shown in FIGS.
3 and 26 have four encoders, the position control described
above can be performed even if a problem occurs in one
encoder, however, in the encoder system shown in FIGS. 2
and 25, if a problem occurs in one encoder, then the position
control above cannot be performed.

Therefore, in the exposure apparatus, a first drive mode that
uses the positional information measured by the encoder sys-
tem previously described and a second drive mode that uses
the positional information measured by the interferometer
system previously described should be prepared, and in the
setting, the first drive mode is to be used normally during
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exposure operation. Then, for example, in the case when at
least a part of the positional information in the X-axis and
Y-axis directions and the rotational information in the 0z
direction necessary for the position control referred to above
cannot be obtained any longer during the exposure operation
or the like, the first drive mode is preferably switched to the
second drive mode and the position control of the reticle stage
or wafer stage is to be performed in the second drive mode.
Furthermore, a third mode that uses at least a part of the
positional information measured by the encoder system pre-
viously described and at least a part of the positional infor-
mation measured by the interferometer system previously
described together can also be prepared, and the position
control of the reticle stage or the wafer stage can be performed
using one of the second and the third drive modes, instead of
using the first drive mode. The switching of the first drive
mode to the second drive mode (or to the third drive mode) is
not limited only to the time of exposure operation, and the
switching can be performed similarly during other operations
(such as for example, measurement operation as in alignment
and the like). Further, in the other operations, the mode does
not have to be set to the first drive mode in advance, and other
drive modes (for example, one mode of the second and third
drive modes) can be set instead of the first drive mode. In such
a case, for example, when an error occurs during the position
control of the stage by the other drive mode, the mode can be
switched to a different mode (for example, the other mode of
the second and third drive modes, or the first drive mode).
Furthermore, the drive mode can be made selectable during
the operation other than the exposure operation.

In the embodiment and the modified examples described
above, the case has been described where during switching
operation of the position measurement system, the measure-
ment values of interferometers 18X, and 18Y are carried over
to encoders 50A to 50D after wafer stage WST is suspended
for a predetermined time until the short-term variation caused
by air fluctuation (temperature fluctuation of air) of the mea-
surement values of interferometers 18X, and 18Y falls to a
level that can be ignored due to an averaging effect. The
present invention, however, is not limited to this, and for
example, the same operation as the second calibration previ-
ously described can be performed and the measurement val-
ues of interferometers 18X, and 18Y can be carried over to
encoders 50A to 50D, based on the low order component that
has been obtained in the calibration. Further, the switching
operation of the position measurement system does not nec-
essarily have to be performed. More specifically, the posi-
tional information of the alignment marks on wafer W and the
fiducial marks on wafer stage WST can be measured using
alignment system ALG and wafer interferometer system
(18X, and 18Y), as well as the positional information of the
fiducial marks on wafer stage WST using the reticle align-
ment system and the encoder system, and based on the posi-
tional information, position control of the wafer stage can be
performed by the encoder system.

Further, in the embodiment and the modified examples
described above, the case has been described where the sys-
tem was switched from the interferometer to the encoder as
the switching operation of the position measurement system,
however, the present invention is not limited to this. For
example, in the case such as when alignment system ALG is
installed at a position sufficiently away from projection unit
PU, head units similar to head units 46A to 46D should be
arranged in the area where the alignment operation using
alignment system ALG is to be performed, in the shape of a
cross with alignment system ALG in the center. Then, an
origin is set for each of the movement scales 44 A to 44D, and
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on wafer alignment such as EGA, the positional information
of each alignment mark on wafer W that uses an origin of a
coordinate system set by the combination of movement scales
44A 10 44D as a reference is detected using the head units and
movement scales 44A to 44D, and then, based on the detec-
tion results, a predetermined calculation can be performed so
as to obtain relative positional information of each shot area
with respect to the origin referred to above. In this case, on
exposure, by detecting the origin using encoders 50A to 50D,
each shot area can be moved to the acceleration starting
position for exposure using the relative positional informa-
tion of each shot area with respect to the origin referred to
above. In this case, since position drift between the head and
projection unit PU/alignment system ALG also becomes an
error cause, it is preferable to perform calibration on the
positional shift.

In the embodiment and the modified examples described
above, position control of reticle stage RST and wafer stage
WST was performed during exposure operation of the wafer
using the encoder system previously described (FIGS. 2, 3,
25, and 26), however the position control of the stages using
the encoder system is not limited only during exposure opera-
tion, and besides during the exposure operation, for example,
in the detection operation of the reticle alignment marks or the
reference marks on reticle stage RST using the reticle align-
ment system, or in the reticle exchange operation, position
control of reticle stage RST can be performed using the
encoder system shown in FIG. 2. Similarly, for example, in
the detection operation of the alignment marks of wafer W
using alignment system ALG, or in the wafer exchange opera-
tion, position control of wafer stage WST can be performed
using the encoder system shown in FIGS. 3,25, and 26. In this
case, as a matter of course, the switching operation of the
position measurement system will not be required.

In the case of using the encoder system previously
described (FIGS. 3, 25, and 26), during the detection of the
alignment marks on wafer W or fiducial marks on wafer stage
WST using alignment system AL G, or during the detection of
the fiducial marks on wafer stage WST using the reticle align-
ment system, it is preferable to take into consideration the
movement range of wafer stage WST during the detection
operation. It is preferable to set the length (or placement) in
the longitudinal direction of each of the head units or to
arrange head units different from each of the head units
above, so that especially during the mark detection operation
performed when the wafer stage is moved to the measurement
position of alignment system ALG, each of the head units
(46A to 46D, 46A to 46D,) does not move away from the
corresponding measurement scales (diffraction gratings),
that is, the situation where the measurement using the encoder
system becomes unmeasurable and the position control of the
wafer stage is cut off is avoided.

Further, in the case of using the encoder system previously
described (FIGS. 3, 25, and 26) at the wafer exchange posi-
tion (including at least one of the loading position and the
unloading position), or during the movement from one point
to the other between the wafer exchange position and the
exposure position where transfer of the reticle pattern is per-
formed via projection optical system PL or to the measure-
ment position where mark detection by alignment system
ALG is performed, it is preferable to similarly take into con-
sideration the movement range of wafer stage WST at the
wafer exchange position and during wafer exchange opera-
tion, and to set the placement and the length each of the head
units or to arrange head units different from each of the head
units above, so that the situation where the measurement



US 9,423,702 B2

47

using the encoder system becomes unmeasurable and the
position control of the wafer stage is cut off is avoided.

Furthermore, even in an exposure apparatus by the twin
wafer stage method that can perform exposure operation and
measurement operation substantially in parallel using two
wafer stages whose details are disclosed in, for example,
Kokai (Japanese Unexamined Patent Publication) No.
10-214783 and the corresponding U.S. Pat. No. 6,341,007,
and in the pamphlet of International Publication WO98/
40791 and the corresponding U.S. Pat. No. 6,262,796 and the
like, position control of each wafer stage can be performed
using the encoder system previously described (FIGS. 3, 25,
and 26). In this case, by appropriately setting the placement
and the length each of the head units not only during exposure
operation but also during measurement operation, it becomes
possible to perform position control of each wafer stage using
the encoder system previously described (FIGS. 3, 25, and
26) without any changes. However, head units that can be
used during the measurement operation separate from the
head units previously described (46A to 46D, and 54A to
54D,) can also be arranged. For example, four head units can
be arranged in the shape of a cross with alignment system
ALG 1in the center, and during the measurement operation
above, positional information of each wafer stage WST can
be measured using these units and the corresponding move-
ment scales (46A to 46D, and 52A to 52D). In the exposure
apparatus by the twin wafer stage method, two or four move-
ment scales (FIGS. 3, 25, and 26) are arranged, and when
exposure operation of a wafer mounted on one of the stages is
completed, then the wafer stage is exchanged so that the other
wafer stage on which the next wafer that has undergone mark
detection and the like at the measurement position is placed at
the exposure position. Further, the measurement operation
performed in parallel with the exposure operation is not lim-
ited to mark detection of the wafer by the alignment system,
and instead of, or in combination with the mark detection, for
example, detection of the surface information (level difter-
ence information) of the wafer can also be performed.

In the description above, when the position control of the
wafer stage using the encoder system is cut off at the mea-
surement position or exchange position, or while the wafer
stage is moved from one of the exposure position, measure-
ment position, and exchange position to another position, it is
preferable to perform position control of the wafer stage at
each of the positions above or during the movement using
another measurement unit (e.g. an interferometer or an
encoder) separate from the encoder system.

Further, in the embodiment and the modified examples
described above, as is disclosed in, for example, the pamphlet
of International Publication W02005/074014, the pamphlet
of International Publication W(01999/23692, U.S. Pat. No.
6,897,963 and the like, a measurement stage that has a mea-
surement member (a reference mark, a sensor and the like)
can be arranged separate from the wafer stage, and during
wafer exchange operation or the like, the measurement stage
can be exchanged with the wafer stage and be placed directly
under projection optical system PL so as to measure the
characteristics of the exposure apparatus (e.g. the image-
forming characteristics of the projection optical system (such
as wavefront aberration), polarization characteristics of illu-
mination light I[, and the like). In this case, movement scales
can also be placed on the measurement stage, and the position
control of the measurement stage can be performed using the
encoder system previously described. Further, during the
exposure operation of the wafer mounted on the wafer stage,
the measurement stage is withdrawn to a predetermined posi-
tion where it does not interfere with the wafer stage, and the
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measurement stage is to move between this withdrawal posi-
tion and the exposure position. Therefore, at the withdrawal
position or during the movement from one position to the
other between the withdrawal position and the exposure posi-
tion, it is preferable to take into consideration the movement
range of the measurement stage as in the case of the wafer
stage, and to set the placement and the length each of the head
units or to arrange head units different from each of the head
units above, so that the situation where the measurement
using the encoder system becomes unmeasurable and the
position control of the measurement stage is cut off is
avoided. Or, when the position control of the measurement
stage by the encoder system is cut off at the withdrawal
position or during the movement, it is preferable to perform
position control of the measurement stage using another mea-
surement unit (e.g. an interferometer or an encoder) separate
from the encoder system.

Further, in the embodiment and the modified examples
described above, for example, depending on the size of pro-
jection unit PU, the distance between the pair of head units
arranged extending in the same direction has to be increased,
which could cause one unit of the pair of head units to move
away from the corresponding movement scale during the
scanning exposure of a specific shot area on wafer W, such as,
for example, a shot area located on the outermost periphery.
For instance, when projection unit PU becomes a little larger
in FIG. 3, of the pair ofhead units 46B and 46D, head unit 46B
may move away from the corresponding movement scale
44B. Furthermore, in a liquid immersion type exposure appa-
ratus that has liquid (e.g. pure water or the like) filled in the
space between projection optical system PL and the wafer
whose details are disclosed in, for example, the pamphlet of
International Publication W(099/49504, the pamphlet of
International Publication W02004/053955 (the correspond-
ing U.S. Patent Application Publication 2005/0252506), U.S.
Pat. No. 6,952,253, European Patent Application Publication
No. 1420298, the pamphlet of International Publication
W02004/055803, the pamphlet of International Publication
W02004/057590, U.S. Patent Application Publication 2006/
0231206, U.S. Patent Application Publication 2005/0280791
and the like, since a nozzle member for supplying the liquid is
arranged surrounding projection unit PU, it becomes more
difficult to place the head units close to the exposure area
previously described of projection optical system PL. There-
fore, in the encoder system shown in FIGS. 3 and 26, the two
positional information each for both the X-axis and Y-axis
directions does not necessarily have to be measurable at all
times, and the encoder system (especially the head unit) can
be configured so that two positional information is measur-
able in one of the X-axis and Y-axis directions and one posi-
tional information is measurable in the other of the X-axis and
Y-axis directions. That is, in the position control of the wafer
stage (or the measurement stage) by the encoder system, the
two positional information each for both the X-axis and
Y-axis directions, which is a total of four positional informa-
tion, does not necessarily have to be used. Further, in the
liquid immersion exposure apparatus, as is shown in FIG. 27,
for example, a liquid repellent plate WRP on the upper sur-
face of wafer stage WST (or wafer table WTB) can be made
of glass, and the scale pattern can be arranged directly on the
glass. Or, the wafer table can be made of glass. In the liquid
immersion exposure apparatus equipped with a wafer stage
(or a measurement stage) that has the movement scales in the
embodiment and the modified examples described above
(FIGS. 3,25, and 26), it is preferable to form a liquid repellent
film on the surface of the movement scales.
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When taking into consideration the decrease in size and
weight of wafer stage WST, it is preferable to place the
movement scales as close as possible to wafer W on wafer
stage WST. However, when increasing the size of the wafer
stage is acceptable, by increasing the size of the wafer stage as
well as the distance of the pair of movement scales placed
facing each other, the two positional information each for
both the X-axis and Y-axis directions, which is a total of four
positional information, can be constantly measured at least
during the exposure operation of the wafer. Further, instead of
increasing the size of the wafer stage, for example, the move-
ment scale can be arranged on the wafer stage so that a part of
the movement scale protrudes from the wafer stage, or the
movement scale can be placed on the outer side of the wafer
stage main section using an auxiliary plate on which at least
one movement scales is arranged so as to increase the distance
of the pair of movement scales placed facing each other.

Further, prior to performing the position control of the
stage by the encoder system, for example, it is preferable to
measure the tilt of the head units (tilt with respect to the Z-axis
direction), disposal of the heads within the XY plane (the
position, distance or the like), tilt of telecentricity of the
heads, and the like, and to use the measurement results in the
position control described above. Furthermore, for example,
it is preferable to measure the displacement amount, the gra-
dient amount or the like of the movement scale in the Z-axis
direction (the direction perpendicular to the surface), and to
use the measurement results in the position control described
above.

The first to third calibration operation and the sequential
calibration operation described in the embodiment and the
modified examples above can be performed separately, or
appropriately combined. Further, during the position mea-
surement by the encoder system and the interferometer sys-
tem in the calibration operation, the stage was moved at a low
speed, however, the present invention is not limited to this,
and the stage can be moved at the same level of speed as
during the scanning exposure previously described.

Further, in the embodiment and the modified examples
above, position control of the reticle stage and wafer stage
was performed using the encoder system. The present inven-
tion, however, is not limited to this, and for example, position
control using the encoder system can be performed in one of
the reticle stage and the wafer stage, and in the other stage,
position control using the interferometer system can be per-
formed. Furthermore, in the in the embodiment and the modi-
fied examples above, the head units of the encoders were
placed above the reticle stage, however, the head units of the
encoders can be placed below the reticle stage. In this case,
the movement scale is also to be arranged on the lower surface
side of the reticle stage.

Furthermore, in the encoder system ofthe embodiment and
the modified examples above (FIGS. 3, 25, and 26), the plu-
rality of movement scales (44 A to 44D, and 52A to 52D) are
each fixed to wafer stage WST, for example, by a suction
mechanism such as a vacuum chuck or a plate spring, how-
ever, the movement scales can also be fixed, for example, by
a screw clamp, or the diffraction grating can be formed
directly on the wafer stage. Especially in the latter case, the
diffraction grating can be formed on the table where the wafer
holder is formed, or especially in the liquid immersion expo-
sure apparatus, the diffraction grating can be formed on the
liquid repellent plate. Further, in both reticle stage RST and
wafer stage WST, the member on which the diffraction grat-
ing is formed (including the measurement scale or the like
described earlier) is preferably configured of a low thermal
expansion material such as ceramics (e.g. Zerodur of Schott
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Corporation or the like). Further, in order to prevent the
measurement accuracy from decreasing due to foreign sub-
stances adhesion or contamination, for example, at least a
coating can be applied to the surface so as to cover the dif-
fraction grating, or a cover glass can be arranged. Further-
more, in both reticle stage RST and wafer stage WST, the
diffraction grating was continuously formed substantially
covering the entire surface of each movement scale in the
longitudinal direction, however, for example, the diffraction
grating can be formed intermittently, divided into a plurality
ofareas, or each movement scale can be made up of a plurality
of scales.

In the encoder system of the embodiment and the modified
examples above, especially in the encoder system in FIG. 3,
the case was exemplified where the pair of movement scales
44A and 44C used for measuring the position in the Y-axis
direction and the pair of movement scales 44B and 44D used
for measuring the position in the X-axis direction are
arranged on wafer stage WST, and corresponding to the
movement scales, the pair of head units 46A and 46C is
arranged on one side and the other side in the X-axis direction
of projection optical system PL and the pair head units 46B
and 46D is arranged on one side and the other side in the
Y-axis direction of projection optical system PL. However,
the present invention is not limited to this, and of movement
scales 44 A and 44C used for measuring the position in the
Y-axis direction and movement scales 44B and 44D used for
measuring the position in the X-axis direction, at least one set
of'the movement scales can be a single unit instead of in pairs
arranged on wafer stage WST, or of the pair of head units 46 A
and 46C and the pair head units 46B and 46D, at least one set
of the head units can be a single unit arranged instead of in
pairs. The same can be said for the encoder system shown in
FIG. 26. Further, the extending direction in which the move-
ment scales are arranged and the extending direction in which
the head units are arranged are not limited to an orthogonal
direction as in the X-axis direction and Y-axis direction in the
embodiment above.

Further, in the embodiment and the modified examples
above, the configuration of wafer interferometer system 18 is
not limited to the one shown in FIG. 3, and for example, in the
case of placing a head unit also in alignment system ALG
(measurement position), the interferometer system does not
have to be equipped with wafer X interferometer 18X,, or
wafer X interferometer 18X, can be configured, for example,
by a multi-axis interferometer as in wafer Y interferometer
18Y, and besides the X position of wafer stage WST, rota-
tional information (such as yawing and rolling) can be mea-
sured. Further, similar to wafer X interferometer 18X, wafer
Y interferometer 18Y can be a single-axis interferometer, and
wafer X interferometer 18X, can be a multi-axis interferom-
eter similar to wafer Y interferometer 18Y. The multi-axis
interferometer can be configured so that only yawing is mea-
surable as the rotational information. Furthermore, in one of
wafer X interferometer 18X, and wafer Y interferometer 18Y,
the interferometer can be configured so that the rotational
information measurable is limited to one (rolling or pitching).
That is, wafer interferometer system 18 of the embodiment
can employ various configurations as long as at least the
positional information in the X-axis and Y-axis direction and
the rotational information in the 6z direction (yawing) can be
measured during the exposure operation of the wafer.

In the embodiment above, the case has been described
where the present invention was applied to a scanning stepper.
The present invention, however, is not limited to this, and it
can be applied to a static exposure apparatus such as a stepper.



US 9,423,702 B2

51

Even in the case of a stepper, by measuring the position of the
stage on which the object subject to exposure is mounted
using an encoder, generation of position measurement errors
due to air fluctuation can be reduced almost to zero, unlike
when the position of the stage is measured using the interfer-
ometer. Further, based on correction information for correct-
ing the short-term variation of the measurement values of the
encoder using the measurement values of the interferometer
and on the measurement values of the encoder, it becomes
possible to set the position of the stage with high precision,
which makes it possible to transfer the reticle pattern onto the
object with high precision. Further, the present invention can
also be applied to a reduction projection exposure apparatus
by the step-and-stitch method that merges shot areas, an expo-
sure apparatus by a proximity method, a mirror projection
aligner or the like.

Further, the magnification of the projection optical system
in the exposure apparatus of the embodiment above is not
limited to areduction system, and the system may be either an
equal magnifying system or a magnifying system. Projection
optical system PL is not limited to a refracting system, and the
system can be either a reflection system or a catadioptric
system, and the projected image can be either an inverted
image or an upright image. Furthermore, the exposure area on
which illumination light IL is irradiated via projection optical
system PL is an on-axis area including optical axis AX within
the field of view of projection optical system PL, however, the
exposure area can be an off-axis area that does not include
optical axis AX similar to the so-called inline type catodiop-
tric system, which has an optical system (a reflection system
or a deflection system) that has a plurality of reflection sur-
faces and forms an intermediate image at least once arranged
in a part of the catodioptric system and also has a single
optical axis, disclosed in, for example, the pamphlet of Inter-
national Publication W02004/107011. Further, the shape of
the illumination area and the exposure area previously
described was a rectangle, however, the shape is not limited to
this, and it can be, for example, a circular arc, a trapezoid, a
parallelogram or the like.

Further, illumination light IL is not limited to the ArF
excimer laser beam (wavelength 193 nm), and illumination
light I can be an ultraviolet light such as the KrF excimer
laser beam (wavelength 248 nm) or the like, or a vacuum
ultraviolet light such as the F, laser beam (wavelength 157
nm). As a vacuum ultraviolet light, as is disclosed in, for
example, the pamphlet of International Publication W0O1999/
46835 (the corresponding U.S. Pat. No. 7,023,610), a har-
monic wave may also be used that is obtained by amplifying
a single-wavelength laser beam in the infrared or visible
range emitted by a DFB semiconductor laser or fiber laser,
with a fiber amplifier doped with, for example, erbium (or
both erbium and ytterbium), and by converting the wave-
length into ultraviolet light using a nonlinear optical crystal.

Further, in the embodiment above, it is a matter of course
that as illumination light I, of the exposure apparatus the
light is not limited to a light that has a wavelength of 100 nm
ormore, and a light whose wavelength is less than 100 nm can
also be used. For example, in recent years, in order to expose
a pattern of 70 nm or under, an EUV exposure apparatus is
being developed that generates an EUV (Extreme Ultraviolet)
light in the soft X-ray region (e.g. wavelength range of 5 to 15
nm) using an SOR or a plasma laser as a light source and uses
an all reflection reduction optical system, which is designed
based on the exposure wavelength (e.g. 13.5 nm), and a
reflection typed mask. In this apparatus, because the structure
of scanning exposure in which the mask and the wafer are
synchronously scanned using a circular arc illumination can
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be considered, the present invention can also be suitably
applied to the apparatus. Besides such apparatus, the present
invention can also be applied to an exposure apparatus that
uses a charged particle beam such as an electron beam or an
ion beam.

Further, in the embodiment described above, a transmit-
tance type mask (reticle) was used, which is a transmissive
substrate on which a predetermined light shielding pattern (or
a phase pattern or a light attenuation pattern) is formed.
Instead of this mask, however, as is disclosed in, for example,
U.S. Pat. No. 6,778,257, an electron mask (also called a
variable shaped mask, an active mask, or an image generator,
and includes, for example, a DMD (Digital Micromirror
Device), which is a kind of a non-radiative image display
device (also referred to as a spatial optical modulator), or the
like) on which a light-transmitting pattern, a reflection pat-
tern, or an emission pattern is formed according to electronic
data of the pattern that should be exposed can also be used. In
the case of using such a variable shaped mask, because the
stage on which the wafer, the glass plate or the like is mounted
is scanned with respect to the variable shaped mask, by mea-
suring the position of the stage using the encoder and per-
forming calibration on the measurement values of the encoder
using the measurement values of the interferometer as is
previously described, the same effect as in the embodiment
above can be obtained.

Further, for example, as is disclosed in, the pamphlet of
International Publication W0O2001/035168, by forming inter-
ference fringes on wafer W, the present invention can also be
applied to an exposure apparatus (a lithography system) that
forms a line-and-space pattern on wafer W.

Furthermore, as is disclosed in, for example, Kohyo (Japa-
nese Unexamined Patent Publication) No. 2004-519850 (the
corresponding U.S. Pat. No. 6,611,316), the present invention
can also be applied to an exposure apparatus that synthesizes
patterns of two reticles on a wafer via a double-barrel projec-
tion optical system, and performs double exposure of a shot
area on the wafer almost simultaneously in one scanning
exposure.

Further, the apparatus for forming a pattern on an object is
not limited to the exposure apparatus (lithography system)
previously described, and for example, the present invention
can also be applied to an apparatus for forming a pattern on an
object by an inkjet method.

The object on which the pattern is to be formed in the
embodiment above (the object subject to exposure on which
the energy beam is irradiated) is not limited to a wafer, and
can be other objects such as, a glass plate, a ceramic substrate,
a mask blank, a film member or the like. Further, the shape of
the object is not limited to a circular shape, and it can be other
shapes such as a rectangular shape or the like.

The usage of the exposure apparatus is not limited to the
exposure apparatus for manufacturing semiconductors, and
the present invention can also be widely applied to an expo-
sure apparatus for liquid crystals that transfers a liquid crystal
display device pattern on a square glass plate or the like, or to
an exposure apparatus used for manufacturing organic ELs,
thin film magnetic heads, imaging devices (such as CCDs)
micromachines, DNA chips and the like. Further, the present
invention can also be applied to an exposure apparatus that
transfers a circuit pattern onto a glass substrate or a silicon
wafer not only when producing microdevices such as semi-
conductors, but also when producing a reticle or a mask used
in exposure apparatus such as an optical exposure apparatus,
an EUV exposure apparatus, an X-ray exposure apparatus, an
electron beam exposure apparatus and the like.
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The present invention is not limited to an exposure appa-
ratus, and can also be widely applied to other substrate pro-
cessing units (e.g. a laser repair unit, a substrate inspection
unit and the like), or to an apparatus equipped with a move-
ment stage of a position setting unit of a sample, a wire
bonding unit and the like in other precision machinery.

The disclosures of all the publications, the pamphlet of the
International Publications, the U.S. Patent Application Pub-
lication, and the U.S. Patent descriptions related to the expo-
sure apparatus or the like referred to above are each incorpo-
rated herein by reference.

Semiconductor devices are manufactured through the fol-
lowing steps: a step where the function/performance design
of'a device is performed; a step where a reticle based on the
design step is manufactured; a step where a wafer is manu-
factured using materials such as silicon; a lithography step
where the pattern formed on the mask is transferred onto a
photosensitive object using the exposure apparatus described
in the embodiment above; a device assembly step (including
processes such as a dicing process, a bonding process, and a
packaging process); an inspection step, and the like. In this
case, in the lithography step, because the exposure apparatus
in the embodiment above is used, high integration devices can
be manufactured with good yield.

The exposure apparatus in the embodiment and the modi-
fied examples above can be made by assembling various
subsystems that include each of the components given in the
scope of the claims of the present application so that a pre-
determined mechanical accuracy, electrical accuracy, and
optical accuracy are maintained. In order to secure these
various accuracies, before and after the assembly, adjustment
for achieving the optical accuracy is performed for the various
optical systems, adjustment for achieving the mechanical
accuracy is performed for the various mechanical systems,
and adjustment for achieving the electrical accuracy is per-
formed for the various electric systems. The assembly pro-
cess from the various subsystems to the exposure apparatus
includes mechanical connection, wiring connection of the
electric circuits, piping connection of the pressure circuits
and the like between the various subsystems. It is a matter of
course that prior to the assembly process from the various
subsystems to the exposure apparatus, there is an assembly
process for each of the individual subsystems. When the
assembly process from the various subsystems to the expo-
sure apparatus has been completed, total adjustment is per-
formed, and the various accuracies in the exposure apparatus
as a whole are secured. The exposure apparatus is preferably
built in a clean room where conditions such as the tempera-
ture and the degree of cleanliness are controlled.

While the above-described embodiments of the present
invention are the presently preferred embodiments thereof,
those skilled in the art of lithography systems will readily
recognize that numerous additions, modifications, and sub-
stitutions may be made to the above-described embodiments
without departing from the spirit and scope thereof. It is
intended that all such modifications, additions, and substitu-
tions fall within the scope of the present invention, which is
best defined by the claims appended below.

What is claimed is:

1. An exposure apparatus that exposes a substrate with an
energy beam via a mask, the apparatus comprising:

a substrate stage system having a movable body that holds
the substrate, which drives the movable body to move
the substrate within a predetermined plane;

a measurement system having an encoder system that irra-
diates a grating section placed substantially parallel to
the predetermined plane with a beam and measures posi-
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tional information of the movable body, and an interfer-
ometer system that measures positional information of
the movable body; and

a control system that controls a movement of the movable
body based on measurement information of the mea-
surement system, wherein

the control system switches the positional information
used for movement control of the movable body from the
positional information of one of the encoder system and
the interferometer system to the positional information
of the other, in a case when at least a part of information
necessary for position control of the movable body can-
not be obtained any longer from the one of the encoder
system and the interferometer system,

the switching is performed in an exposure operation of the
substrate, and

at least during a time at which the substrate is being
exposed with the energy beam via the mask, measure-
ment information of the encoder system is used in the
movement control of the movable body.

2. The exposure apparatus according to claim 1, wherein

during a measurement operation different from the expo-
sure operation of the substrate, the measurement infor-
mation of the encoder system is used in the movement
control of the movable body.

3. The exposure apparatus according to claim 2, wherein

the measurement operation includes a detection operation
of detecting a mark on the substrate.

4. The exposure apparatus according to claim 1, further

comprising:

amark detection system that detects a mark on the substrate
at a detection position different from an exposure posi-
tion of the substrate, wherein

during a movement of the movable body from one of the
exposure position and the detection position to the other,
the measurement information of the encoder system is
used in the movement control of the movable body.

5. The exposure apparatus according to claim 1, wherein

in a part of the movement control of the movable body,
measurement information of the encoder system and
measurement information of the interferometer system
are used.

6. The exposure apparatus according to claim 5, wherein

the measurement information of the interferometer system
is used together with the measurement information of
the encoder system at least in the exposure operation of
the substrate.

7. The exposure apparatus according to claim 1, wherein

the control system performs calibration of the encoder
system using the interferometer system.

8. The exposure apparatus according to claim 1, wherein

the encoder system measures the positional information of
the movable body by a plurality of heads that face the
grating section, and at least one head used for measure-
ment of the positional information is switched to another
head according to the movement of the movable body.

9. The exposure apparatus according to claim 1, wherein

a state of the encoder system is switched from one of a first
state and a second state to the other according to the
movement of the movable body, in the first state the
positional information of the movable body being mea-
sured by three heads facing the grating section, and in
the second state the positional information of the mov-
able body being measurable by four heads facing the
grating section.



US 9,423,702 B2

55

10. The exposure apparatus according to claim 9, wherein

in each of'the first state and the second state, three heads are
used for the movement control of the movable body and
at least one of the three heads used for the movement
control is switched to another head according to the
movement of the movable body.

11. The exposure apparatus according to claim 1, wherein

the substrate stage system has a plurality of movable bodies
including the movable body, each of which holds a sub-
strate, and

the measurement system measures positional information
of the plurality of movable bodies.

12. The exposure apparatus according to claim 1, further

comprising:

a mask stage system having a second movable body that
holds the mask, wherein

the measurement system has another encoder system, dif-
ferent from the encoder system, which measures posi-
tional information of the second movable body that
holds the mask.

13. The exposure apparatus according to claim 12, wherein

the control system controls a movement of the movable
body based on measurement information of the encoder
system and information on the grating section.

14. The exposure apparatus according to claim 13, wherein

the information on the grating section includes correction
information on at least one of a pitch and a deformation
of the grating section.

15. The exposure apparatus according to claim 13, wherein

the information on the grating section includes information
on an arrangement of the grating section.
16. The exposure apparatus according to claim 12, wherein
the control system corrects a measurement error of the
encoder system generated due to the grating section.
17. The exposure apparatus according to claim 12, wherein
the control system controls the movement of the movable
body based on measurement information of the encoder
system and information on a head unit of the encoder
system.

18. The exposure apparatus according to claim 12, wherein

the control system corrects a measurement error generated
due to a head unit of the encoder system.

19. A device manufacturing method, including

a lithography process of transferring a pattern onto a pho-
tosensitive substrate using the exposure apparatus
according to claim 1.

20. The exposure apparatus according to claim 1, wherein

the case when at least a part of the information necessary
for position control of the movable body cannot be
obtained any longer includes a case when an error occurs
in the one of the encoder system and the interferometer
system.

21. An exposure method of exposing a substrate with an

energy beam via a mask, the method comprising:

moving the substrate within a predetermined plane by driv-
ing a movable body that holds the substrate, by a sub-
strate stage system having the movable body; and

controlling a movement of the movable body while mea-
suring positional information of the movable body by a
measurement system having an encoder system that
measures positional information of the movable body by
irradiating a grating section placed substantially parallel
to the predetermined plane with a beam and an interfer-
ometer system that measures positional information of
the movable body, wherein

the controlling of the movement includes switching the
positional information used for movement control of the
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movable body from the positional information of one of
the encoder system and the interferometer system to the
positional information of the other, in a case when at
least a part of information necessary for position control
ofthe movable body cannot be obtained any longer from
the one of the encoder system and the interferometer
system,

the switching is performed in an exposure operation of the
substrate, and

at least during a time at which the substrate is being
exposed with the energy beam via the mask, measure-
ment information of the encoder system is used in the
movement control of the movable body.

22. The exposure method according to claim 21, wherein

during a measurement operation different from the expo-
sure operation of the substrate, the measurement infor-
mation of the encoder system is used in the movement
control of the movable body.

23. The exposure method according to claim 22, wherein

the measurement operation includes a detection operation
of detecting a mark on the substrate.

24. The exposure method according to claim 21, further

comprising:

detecting a mark on the substrate at a detection position
different from an exposure position of the substrate,
wherein

during a movement of the movable body from one of the
exposure position and the detection position to the other,
the measurement information of the encoder system is
used in the movement control of the movable body.

25. The exposure method according to claim 21, wherein

both measurement information of the encoder system and
measurement information of the interferometer system
can be used in a part of the movement control of the
movable body.

26. The exposure method according to claim 25, wherein

the measurement information of the interferometer system
is used together with the measurement information of
the encoder system at least in the exposure operation of
the substrate.

27. The exposure method according to claim 21, further

comprising:

performing calibration of the encoder system using the
interferometer system.

28. The exposure method according to claim 21, wherein

positional information of the movable body is measured by
a plurality of heads that face the grating section, and at
least one head used for measurement of the positional
information is switched to another head according to the
movement of the movable body.

29. The exposure method according to claim 21, wherein

a state of the measurement of the positional information is
switched from one of a first state and a second state to the
other according to the movement of the movable body, in
the first state the positional information of the movable
body being measured by three heads facing the grating
section, and in the second state the positional informa-
tion of the movable body being measurable by four
heads facing the grating section.

30. The exposure method according to claim 29, wherein

in each of the first state and the second state, three heads are
used for the movement control of the movable body, and
at least one of the three heads used for the movement
control is switched to another head according to the
movement of the movable body.
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31. The exposure method according to claim 21, wherein

a substrate is held by each of a plurality of movable bodies
including the movable body, and

positional information of the plurality of movable bodies is
measured by the measurement system.

32. The exposure method according to claim 21, further

comprising:

moving the mask by a mask stage system having a second
movable body that holds the mask; and

measuring positional information of the second movable
body that holds the mask by another encoder system
different from the encoder system.

33. The exposure method according to claim 32, wherein

measurement information of the encoder system and infor-
mation on the grating section are used in the movement
control of the movable body that holds the substrate.

34. The exposure method according to claim 33, wherein

the information on the grating section includes correction
information on at least one of a pitch and a deformation
of the grating section.

35. The exposure method according to claim 33, wherein

the information on the grating section includes information
on an arrangement of the grating section.

36. The exposure method according to claim 32, wherein

a measurement error of the encoder system generated due
to the grating section is corrected.

37. The exposure method according to claim 32, wherein

measurement information of the encoder system and infor-
mation on a head unit of the encoder system are used in
the movement control of the movable body that holds the
substrate.

38. The exposure method according to claim 32, wherein

a measurement error generated due to a head unit of the
encoder system is corrected.

39. A device manufacturing method, including

a lithography process of transferring a pattern onto a pho-
tosensitive substrate using the exposure method accord-
ing to claim 21.

40. The exposure method according to claim 21, wherein

the case when at least a part of the information necessary
for position control of the movable body cannot be
obtained any longer includes a case when an error occurs
in the one of the encoder system and the interferometer
system.

41. An exposure apparatus that exposes a substrate with an

energy beam via a mask, the apparatus comprising:

a substrate stage system having a movable body that holds
the substrate, which drives the movable body to move
the substrate within a predetermined plane;

a measurement system having an encoder system that irra-
diates a grating section placed substantially parallel to
the predetermined plane with a beam and measures posi-
tional information of the movable body, and an interfer-
ometer system that measures positional information of
the movable body; and

a control system that controls a movement of the movable
body based on measurement information of the mea-
surement system, wherein

the control system switches the positional information
used for movement control of the movable body from the
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positional information of one of the encoder system and
the interferometer system to the positional information
of the other, within a predetermined period that is deter-
mined taking an operation sequence of the movable
body into consideration, and

at least during a time at which the substrate is being
exposed with the energy beam via the mask, measure-
ment information of the encoder system is used in the
movement control of the movable body.

42. The exposure apparatus according to claim 41, further
comprising:
amark detection system that detects a mark on the substrate
at a detection position different from an exposure posi-
tion of the substrate, wherein

switching from the positional information of the interfer-
ometer system to the positional information of the
encoder system is performed in a period after comple-
tion of a detection operation of the mark by the mark
detection system until beginning of exposure of the sub-
strate.

43. An exposure method of exposing a substrate with an
energy beam via a mask, the method comprising:

moving the substrate within a predetermined plane by driv-
ing a movable body that holds the substrate, by a sub-
strate stage system having the movable body; and

controlling a movement of the movable body while mea-
suring positional information of the movable body by a
measurement system having an encoder system that
measures positional information of the movable body by
irradiating a grating section placed substantially parallel
to the predetermined plane with a beam and an interfer-
ometer system that measures positional information of
the movable body, wherein

the controlling of the movement includes switching the
positional information used for movement control of the
movable body from the positional information of one of
the encoder system and the interferometer system to the
positional information of the other, within a predeter-
mined period that is determined taking an operation
sequence of the movable body into consideration, and

at least during a time at which the substrate is being
exposed with the energy beam via the mask, measure-
ment information of the encoder system is used in the
movement control of the movable body.

44. The exposure method according to claim 43, further
comprising:
detecting a mark on the substrate at a detection position

different from an exposure position of the substrate,
wherein

switching from the positional information of the interfer-
ometer system to the positional information of the
encoder system is performed in a period after comple-
tion of a detection operation of the mark until beginning
of exposure of the substrate.

#* #* #* #* #*



